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The inspiration for this book came from an interna-
tional meeting in Hohenkammer Castle, near
Munich, entitled “Archaea – The First Generation”
held on the 2–4 June 2005. It followed on from
earlier Meetings in the Munich area, the first of
which, on “Archaebacteria”, was held in June 1981.
The earlier meetings monitored the rapid and 
exciting developments which followed on from the
discovery, by Carl Woese and colleagues, of a com-
pletely new Domain of life, the Archaea, in 1977
(Photo 1). These new developments rapidly attracted
a broad range of microbiologists, molecular biolo-
gists, chemists, geologists and paleontologists who
created a very stimulating and creative research
environment and community.

As described in Chapter 1, many of the early
results, and ensuing hypotheses, met with a great
deal of skepticism from the well established and con-

servative, bacterial and eukaryotic research commu-
nities. By 1990, however, the experimental evidence
in support of a third Domain was overwhelming and
has been strengthened regularly since, especially
through analyses of whole genome sequences.

The purpose of the book was to provide a useful
reference work for introducing younger scientists,
and newcomers, to archaeal research, as well as for
researchers who are more established in the field.
Some of the chapters provide reviews of the more
mature research areas, while newly emerging fields
are covered by shorter, more specialized, chapters.
Given the rapid developments over the past few
years, we could not do justice to all of archaeal
research in one book. What we have done is to
provide a broad coverage of the research emphasis-
ing the more important and exciting developments
that are taking place.

Photo 1 Carl R. Woese in front of Sanger
oligonucleotide patterns from archaeal 16S rRNA taped
to a back-lit translucent wall. Source: Dave Graham
(Univ. of Texas).

Preface
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xii PREFACE

Photos 2 and 3 Wolfram Zillig and Karl O. Stetter on hyperthermophile sampling trips in Naples, Italy (1978)
and on Iceland (1980): Source: K.O. Stetter.

One of the purposes of the recent meeting was 
to celebrate two distinguished pioneers of Archaea
research. Wolfram Zillig who spent most of his
working life at the Max-Planck-Institute for Bio-
chemistry in Martinsried, Germany, and Karl O.
Stetter who worked until recently at the University
of Regensburg, Germany. They are shown together
in Italy on one of many sampling trips in photos 2
and 3. Both have made a major impact by isolating

and characterizing many novel archaeal species and
Wolfram Zillig has also pioneered the study of
archaeal viruses and plasmids. Their influence
extended well beyond their own laboratories to sup-
porting, encouraging and inspiring colleagues, and
especially younger scientists, throughout the world.
Unfortunately, Wolfram Zillig died of a long-term
illness a few days before the Meeting.
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1
The birth of the Archaea: 
a personal retrospective

Carl R. Woese

Let there be light

For me the moment was, I believe, the afternoon of June 11, 1976. I had just taped the film of a primary
“Sanger pattern” to a back-lit translucent “wall” in the lab and had begun to “interpret” the pattern in terms
of the “secondary cuts” taken from it, the corresponding films of which were lying on a huge light table
directly beneath the “primary”; the object being to infer the sequences of all the oligonucleotides (of signifi-
cant length) in the primary pattern. Except for this eerie lighting arrangement, the room was fairly dark, with
the only prominent features being the pattern of back-lit black spots on the “primary” film and the corre-
sponding transluminated lines of black “sub-cut” spots on the “secondary” film lying below.

The spots on the “primary” film represented specific oligonucleotide fragments into which a (radiolabeled)
16S rRNA (ribosomal RNA) had been cut by T1 ribonuclease, then subjected to a two-dimensional paper elec-
trophoretic separation, with the resulting oligonucleotide “spots” detected by means of X-ray film (Uchida 
et al., 1974). The “isopleth” pattern on the film of the “Sanger pattern” (Sanger et al., 1965) already revealed
a great deal about the sequence(s) of the oligonucleotide(s) in the individual spots; for instance, the length
of an oligo, the number of uracil residues it contained (a primary determinant of the overall structure of the
isopleth pattern), and the C (cytosine) versus A (adenine) contents of the individual spots in each isopleth
(Sanger et al., 1965). (Each oligonucleotide had but one G residue, at its 3′ end, the cut site of ribonuclease
T1 (Sanger et al., 1965)).

My job was to determine the complete sequence of every oligonucleotide of significant length (five or more
nucleotides) in the primary pattern, which required the aforementioned “secondary” patterns. These in turn
were created by removing little snippets of paper at the appropriate places in the corresponding original elec-
trophoretogram and further digesting the oligonucleotide(s) therein (in situ) with one or a few ribonucleases
of different cutting specificities than that of T1 RNAse (thereby creating sub-fragments). These enzymatically
treated snippets were then individually reinserted (mashed) into a very large sheet of (DEAE cellulose) paper
(about 30 of them in a line near the “bottom” of such a sheet). Each large “secondary” sheet was then subject
to one-dimensional electrophoresis to resolve the sub-fragments in each of the 30-odd secondary digestions
from one another. From the one or several “secondary” cuts taken from a primary spot, the exact sequence
of the oligonucleotide(s) in the corresponding primary spot could (almost always) be deduced (Uchida et al.,
1974).

“Reading” a Sanger pattern in this fashion was painstaking work, requiring a good fraction of the day to
work up a single “primary,” something I at the time had been doing for several days a week off and on for
a long time. It was routine work, boring, but demanding full concentration. (There were days when I would
walk home from work saying to myself: “Woese, you have destroyed your mind again today.”) But this day
was special: I and biology were in for a surprise. First, however, more background.
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Starting down the Yellow Brick Road

I had had an abiding interest in the translation
process since the latter part of the 1950s; first 
with the ribosome and its subunits, then, starting in
1960, with the genetic code – the hot topic of molec-
ular biology at the time. The code had come into
prominence on the heels of Watson and Crick’s 
two world-shaking 1953 publications. The physicist
George Gamow thought he could see “pockets” 
in the double stranded structure of DNA, pockets of
just the right size and spacing to hold and discrimi-
nate among amino acids, suggesting the basis for a
direct templating mechanism upon which translation
could be based (Watson & Crick, 1953; Gamow,
1954).

Then came a thrilling but brief period when a
clique of physicists and molecular biologists worked
together and competed to see who would be first 
to derive the “code” from “first principles.” The
prospect of theoretically solving the genetic code, the
“language of life,” was so seductive that cameo
appearances on the coding stage were made by 
Feynmann and Teller (no doubt prompted by the
charismatic Gamow). The decoders soon split into
two camps, however, those who, like Gamow,
believed that the basis of the code lay in specific
recognition of amino acids by nucleic acids, and
those who, like Francis Crick, believed it impossible
that nucleic acids could recognize anything except
other nucleic acids/nucleotides, which they did
through base pairing (F. H. C. Crick, unpublished
letter to the RNA Tie Club; see Judson, 1996). When
I belatedly entered the area, my intuition sided with
Gamow.

However, I differed from the whole lot of them in
perceiving the nature of the code as inseparable from
the problem of the nature and origin of the decod-
ing mechanism. Thus, translation to me was the
central biological concern. It represented one of a
new class of major evolutionary problems that
molecular probings of the cell were bringing to light.
Now was the time to start thinking about the evolu-
tion of the cell and its macromolecular componen-
try. How this evolution occurred is almost as much
a mystery today as it was four decades ago. But one
thing was certain from the start: approaching these
sorts of “deep” universal evolutionary problems
would require a universal phylogenetic framework

within which to work effectively. Since no universal
phylogeny then existed – our understanding of evo-
lutionary relationships being effectively confined to
plants and animals – this meant taking on the rather
large task of determining genealogical relationships
for the microbial world, the bacteria and single-celled
eukaryotes, which, as it turned out, meant deter-
mining the missing 95% or more of the “tree of life.”
A slight diversion in my research program would be
necessary – a diversion that lasted a good two
decades!

A method for my madness

In 1965, on his way to developing nucleic acid
sequencing technology, Fred Sanger had spun off an
“oligonucleotide cataloging” methodology (Sanger 
et al., 1965). This procedure, applied to ribosomal
RNA (the small subunit rRNA, it turned out), was
exactly what we needed to determine genealogical
relationships across the entire breadth of the phylo-
genetic spectrum. It was already apparent from
DNA–rRNA hybridization studies that the sequence
of a ribosomal RNA tended to be highly conserved,
probably to the point that recognizable sequence
similarity would extend across the full taxonomic
spectrum (Yankofsky & Spiegelman, 1962). Riboso-
mal RNAs are obviously ubiquitous; they occur in
the cell in thousands of copies; and they can be radio-
labeled and isolated with relative ease. In addition,
they are functionally about as constant as one could
wish for – they are not adaptive characters. And last
but not least, rRNAs are integral parts of a complex,
integrated molecular aggregate (genetically dispersed
within the genome), which would make them as
insensitive as can be to the vicissitudes of reticulate
evolution (Fox et al., 1977a). Only technological
problems seemed to stand in our way: growing the
various organisms and doing so in a low phosphate,
radioactive medium; tweaking the Sanger method to
fit our needs; finding needed help; and so on. Scien-
tists do not want to, or often cannot, create all the
things needed in their work. In our case the chief
problem was the organisms required for the project.
Half of them at least would be too fastidious for
anyone but an expert to grow. Striking up collabo-
rations with experts in the culture of particular
organisms was essential.

2 CHAPTER 1
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Learning our way around

Coming into the game as a biophysicist/molecular
biologist, my knowledge of bacteria and bacteriolo-
gists didn’t extend far beyond E. coli, Bacillus, and
Louis Pasteur; and I didn’t have the foggiest notion
of how bacteria were related to one another. It was
time to ask real microbiologists for help in choosing
the right organisms. Each, of course, had a different
opinion (the bacteria they themselves worked with,
that is). At that stage, I didn’t know that actually
there were no experts on bacterial relationships
(those above the level, say, of genus and occasion-
ally family, that is). And I was completely unaware
of the bizarre state that the microbiologists’ search
for these relationships had gotten itself into.

The best advice I had solicited regarding organism
choice came from my colleague in the Microbiology
Department at Illinois, Ralph Wolfe. By now I had
gotten used to microbiologists suggesting that we
work on their favorite bugs, and in this respect,
Wolfe was no different. But what he had to say was;
his advice was more compelling than any other I had
received! I can almost remember his words: he told
me the methanogens were united as a group by a
unique biochemistry that involved a set of unusual
coenzymes. Yet the organisms showed no uniformity
in their morphologies, which latter fact had caused
taxonomists initially to scatter them throughout the
various taxa in the seventh edition of Bergey’s Manual
(Breed et al., 1957). (In the eighth edition, however,
they had all been grouped on the basis of their
common biochemistry; Murray, 1974.) Finally, here
was the kind of phylogenetic challenge I was hoping
for. I longed to characterize a methanogen rRNA as
soon as possible. But it wasn’t possible – at least not
yet. Wolfe and I had spoken in early 1974 (if I recall
correctly), and the technology needed for growing
and radiolabeling the methanogens safely was not at
that time in place. Now, back to the main thread.

Epiphany!

By the beginning of 1976 my lab had “cataloged”
(generated T1 oligonucleotide lists) for roughly 30
organisms, mainly “prokaryotes” and a smattering of
eukaryotes. It had become obvious that the two
groups could be readily distinguished from each

other on the basis of “oligonucleotide signatures,”
which were lists of oligonucleotides characteristic of
one of the two groups to the exclusion of the other.
The two apposing oligonucleotide signatures were
remarkably distinct. (In addition, a set of “universal”
oligonucleotides existed, those found in all the rRNA
catalogs we had so far generated.) In working up a
Sanger pattern for an organism, one had only to
“read” a small number of oligos into it before being
able to smile and say: “Oh, that’s a prokaryote,” or
“that’s a euk.” There were two spots on the primary
films of all prokaryotic rRNAs that easily caught
one’s eye, for they contained modified nucleotides
and, so, were located at places in the Sanger pattern
where normally there would be no oligonucleotides.
These “odd oligos” allowed one to declare “prokary-
ote” at first glance: after that, it was just a matter of
detailing the rest of the pattern to figure out the 
relationship of the new prokaryote to ones already
cataloged.

By 1976 Wolfe and his student Bill Balch had
developed a technique for growing methanogens (in
pressurized serum bottles) that was sterile, fast, and
(most important from our point of view) safe enough
to permit cells to be radiolabeled (Balch & Wolfe,
1976). George Fox, then my post-doc, had known
Bill from a course they had taken together at Woods
Hole the summer before George arrived at Illinois.
Their acquaintance made it easy for George to
approach Bill about a collaboration to work on
methanogens – which George did on his own initia-
tive in the year the Balch–Wolfe method was being
published. It was on that aforementioned day in
June 1976 that I began to read the Sanger pattern
produced (by my technician Linda Magrum) from
George and Bill’s first successful methanogen rRNA
prep. The formal name of the organism was
Methanobacterium thermoautotrophicum, a 14-syllable
monstrosity that was always shortened to “∆H,” the
organism’s strain designation (Zeikus & Wolfe,
1972).

From the get-go ∆H’s Sanger pattern was strange.
First of all the two small “odd” oligos on the primary
pattern that screamed out “prokaryote” were absent.
Intrigued by this appetizer, but afraid to make too
much of it, I quickly jumped into the “G isopleth”
(oligonucleotides that lack a uracil residue), hoping
to find the first of the prokaryotic signature oligos,
which would certainly set things back on the
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prokaryote track! Imagine my surprise when that
“signature” oligo was missing as well. Not only that,
but the G-isopleth contained the rather large 3′
terminal oligonucleotide of this 16S rRNA, which
did not belong there! What was going on? This
methanogen rRNA was not feeling prokaryotic. The
more oligos I sequenced, the less prokaryotic it felt,
as signature oligo after prokaryotic signature oligo
failed to turn up. However, a number of them were
still there, as, surprisingly, were some oligos from the
eukaryotic signature, and, thankfully, quite a few of
the oligos we had considered universal in distribu-
tion. What was this RNA? It was not that of a
prokaryote. It was not eukaryotic. Nor was it from
Mars (because of the “universals”). Then it dawned
on me. Was there something out there other than
prokaryotes and eukaryotes – perhaps a distant rel-
ative of theirs that no one had realized was there?
Why not? But the idea surely wasn’t in keeping with
conventional wisdom.

I rushed to share my out-of-biology experience
with George, a skeptical George Fox to be sure.
George was always skeptical. That is what made him
a good scientist; and because of that, whatever skep-
ticism he initially evinced quickly dissipated. Yes, he
agreed, there probably was something else out there:
it wasn’t just prokaryotes and eukaryotes all the way
down. That was a heady thought, novel enough that
we sensed trouble in trying to convince other biolo-
gists of the idea. Little did we know how much
trouble there would be.

A finding like this you do not immediately go out
and shout about. You had better have all your ducks
in a row and have firmer evidence than would oth-
erwise be needed. We went into fast-forward mode:
by the end of the year (1976) we had five additional
methanogen catalogs in hand, with more on the
way. They would cover all the disparate morpholo-
gies associated with the known methanogens. And
sure enough, none of the new catalogs was “prokary-
otic” (or eukaryotic): and they were all of a kind. The
methanogens represented a new highest level taxo-
nomic grouping, which could be defined by a char-
acteristic oligonucleotide signature. (And, tellingly,
that signature was no more extensive than were
those of the “prokaryotes” or the eukaryotes, 
implying that within whatever new taxon they 
represented, the methanogens were quite a highly
diverged group.) Darwin had long ago said that there
would come a day when there would be “very fairly

true genealogical trees of each great kingdom of
nature.” Perhaps that day was at hand. In any case,
there was lots of work still to do.

Build it and they will come

A new “urkingdom” (as we were beginning to call our
new highest level phylogenetic group) would be a
major evolutionary find. It afforded a rare opportu-
nity to put the theory of evolution to serious 
predictive test. As I have said, ribosomal RNA 
is a non-adaptive, universal character. That’s what
makes its sequence so good for tracing organismal
genealogies. It is also what makes it completely unin-
formative as regards the phenotypes of the organ-
isms whose genealogies it traces. Evolution to Darwin
was genealogical as descent with variation. In our case
there had been a long trail of descent, and, therefore,
we should find a comparably huge amount of varia-
tion, not only quantitative but qualitative. In other
words, there had to be important features characteris-
tic of our new urkingdom that distinguished it sharply
from the rest of the living world, and there should be
impressive variation among the species in the urking-
dom as well. Testing these two main evolutionary pre-
dictions drove our work from that point on.

There had already been a promising sign in the
biochemistry of the methanogens. We now knew for
sure that methanogenesis was indeed confined to a
particular phylogenetically defined group of organ-
isms and that the process utilized a set of coenzymes
that apparently were found no where else (Balch &
Wolfe, 1979). Doubly good. But with their highly
specific, restricted distribution these coenzymes were
going to be of no use to us in searching for non-
methanogenic members of our new urkingdom.

The big question was then: where are the pre-
dicted other phenotypes? How could they be found?
As it turned out, a couple of the sought-for non-
methanogenic archaeal phenotypes lay unknown 
on our “to-do” list. Thermoplasma (which had been
described as a mycoplasma growing freely under hot
and acid conditions) was among the mycoplasmas
tabbed for rRNA characterization in a collaboration
with Jack Maniloff (University of Rochester), a col-
laboration that had begun in earnest in the spring of
1975 (with Mycoplasma gallisepticum). And there were
the extreme halophiles, whose unusual obligate 
high salt growth conditions made them obvious 
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candidates for the phylogeny project in any case. I
have often mused in recent times about how the
history of the Archaea would have played out had
their entrance into our world been through one of
these other portals. No doubt things would have
gone very differently.

Fortunately, the job of hunting for other pheno-
types that might belong to the new urkingdom
turned out to be easier than I imagined. Unbe-
knownst to George and me, our collaborator Ralph
Wolfe had invited the well known German micro-
biologist Otto Kandler to Urbana for a visit. (Being a
molecular biologist, I had never heard of this Kandler
fellow – or almost any other well known micro-
biologist, for that matter – until the day that Ralph
marched him into my office to hear the official word
from George and myself about the new urkingdom.)
According to his records, Otto (as I would soon come
to call him) visited Urbana in January 1977, well
before publication of our finding.

The German smiled

Amazingly, Kandler – unlike the others we had tried
to convince about what our findings meant – wasn’t
incredulous or disbelieving or anything. I think he
smiled. A “third form of life” was fine with him; he
had almost expected it. For some time Kandler had,
from his own work and that of others, known that
the walls of certain prokaryotes were highly atypical.
The walls of the bacteria so far characterized had
(almost) all contained peptidoglycan; and possession
of peptidoglycan-containing cell walls had come to
be considered one (of the few positive) unifying
characteristics of prokaryotes (Stanier et al., 1963).
There had been no systematic examination of bacte-
rial walls before about 1967, although a fair number
of them had been characterized on a hit-or-miss
basis. What Kandler had known (which we didn’t)
was that the walls of at least one methanogen and
those of some extreme halophiles did not contain
peptidoglycan (Kandler & Hippe, 1977).

What did these atypical walls imply? On the basis
of the cell wall studies alone (the lack of peptido-
glycan), one could not reliably infer much, especially
infer that the peptidoglycan-less organisms consti-
tuted a monophyletic grouping unto themselves.
(Bacteria atypical in one way or another were often
encountered, and sometimes they lacked some 

property that microbiologists had come to believe
was typical of “prokaryotes.” But in all such cases,
the idiosyncrasy in question had been passed off as
adaptation to some unusual environment. It would
require much stronger evidence than one or two
out-of-the-blue idiosyncrasies to make a microbiolo-
gist question a bacterium’s prokaryotic pedigree. And
as we were soon to find out, there were some among
them who would not question that pedigree even
when confronted with strong evidence.)

Kandler had fully realized the potential signifi-
cance of the cell wall studies in the light of our rRNA
molecular phylogenetic evidence, and had immedi-
ately gone back to Germany intent upon fleshing out
the comparative study of cell walls – and to spread
the word. But his visit had left us with a critical clue
in our hunt for novel archaebacterial phenotypes: if
unusual cell walls meant anything, perhaps the
extreme halophiles would turn out to be members of
our new “far out” group. We were desperate to get
our hands on cultures of extreme halophiles.

With the help of Jane Gibson (Cornell) we
obtained some halophile cultures from the Woods
Hole collection. I was not about to wait for a student
or a collaboration to come along to grow the organ-
isms. I donned my acid-eaten lab coat (which had
hung on the back of my office door for over a decade)
and went back to the bench. I grew the cultures
myself, turning them over to one of my students,
Kenneth Leuhrsen, for the more exacting extraction
and isolation procedures for a radiolabeled 16S
rRNA; and Ken’s prep would as always be given to
our trusty Linda for Sanger pattern production. By
late spring of 1977, a year after we’d seen our first
methanogen catalog, we were gazing at a 16S rRNA
catalog from the first extreme halophile. It didn’t dis-
appoint. Here was the first non-methanogenic phe-
notype to join the group – and a novel phenotype it
indeed was. But I’m getting ahead of myself. It is
time to see how the public – and the biology estab-
lishment – reacted when this strange archaeal
chimera was loosed upon their world.

Confrontation and heresy

The press release concerning the “third form of life”
was set to coincide with the publication of the first
of our two papers in the Proceedings of the National
Academy of Sciences, November 3, 1977. A telling 
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coincidence was to occur. November 3 just so hap-
pened to be the date chosen by the then president of
the US National Academy of Sciences, Philip
Handler, to release an official statement heralding
the dawn of the cloning era (signaled by the recent
cloning in bacteria of the gene for the growth
hormone somatotropin). At the time, no one could
see that this fortuitous coincidence foretold the
coming battle over biology’s future, and the coinci-
dent press releases were tantamount to the first skir-
mish in the ideological struggle that would pit the
forces of what would become the biomedical–indus-
trial complex against those representing evolution
resurgent. Our “third form of life,” which touched
upon one of the deepest chords in human nature (i.e.
where we came from), completely wiped the press
release announcing the era of “Man-the-medical-
miracle” off the front pages of the papers. I was over-
joyed at the public’s appreciation of our work (Fox
et al., 1977b; Woese & Fox, 1977b).

But there were already rumblings from the scien-
tific heights. On the day the front page of The New
York Times announced our discovery of a “third form
of life,” my colleague Ralph Wolfe received a tele-
phone call from his friend, the Nobel Laureate Sal-
vador Luria (whom he did not initially name), an
upset Salvador Luria. According to Wolfe, Luria told
him in no uncertain terms to publicly dissociate
himself from this scientific fakery or face the ruina-
tion of his career. In a recent recounting of the
episode (Wolfe, 2001) Ralph said he was so humili-
ated he “wanted to crawl under something and
hide”; but he managed to tell Luria that supporting
evidence for the claim had just been published in the
Proceedings of the National Academy of Sciences (a fact
that had appeared in the New York Times account).
Luria begrudged that he hadn’t known about any
publication, but that the journal happened to be
there on his desk. Fortunately, Ralph left for a
planned family gathering out of town the next 
day (Wolfe, 2001) and thereby escaped further
humiliation.

As you might expect, I saw the episode and its
overall significance differently. How could this Luria
fellow have the temerity to excoriate his friend and
my colleague like that? What pedestal was he stand-
ing on? It appears that he had blustered at Ralph
something to the effect that: “Everybody knows that
all bacteria are prokaryotes; there can’t be any such
thing as a ‘third form of life.’ ” Irony of ironies! As

time and the diligence of a particular scientific his-
torian have shown, the fakery lay not in our work,
but in the prokaryote concept itself (Sapp, 2005): it
is now clear that the “prokaryote” was mere guess-
work (more on this below). But in the heyday of the
prokaryote, which this was, the true believers were
out to pillory us for our heresy: how dare we pro-
claim that the mighty prokaryotic Emperor wasn’t
wearing scientific clothes?

Expanding the urkingdom

With the halophiles came another clue – lipids,
highly unusual ether-linked, branched chain lipids.
In my whole career I had never paid attention to
lipids, and here we were with lipids on the brain. The
fact that extreme halophiles possessed ether-linked
lipids had been published in the mid-1960s (Kates 
et al., 1965; Kates, 1972), but nothing much had
been made of it: these strange lipids seemed to be
just one more unexplainable biological idiosyncrasy.
Microbiologists and biochemists didn’t view things
evolutionarily. From a genuinely biological perspec-
tive, however, these lipids were significant – evolu-
tionarily significant.

It was not simply the extreme halophiles that had
the strange lipids, either: two other recently isolated
bacteria, Thermoplasma acidophilum (Darland et al.,
1970) and Sulfolobus acidocaldarius (Brock et al.,
1972) did as well (Langworthy et al., 1972, 1974).
Thomas Brock, whose laboratory had first isolated
and characterized both organisms, had noted 
the lipid coincidence. And he later would say that
the unusual lipids the two shared was a clear case 
of convergent evolution. In support of that asser-
tion Brock would invoke the ether-linked lipids 
of the extreme halophiles: “This hypothesis is
strengthened by the fact that Halobacterium, another
quite different organism, also has lipids similar to
those of the two acidophilic thermophiles” (Brock,
1978).

Brock’s argument doesn’t make sense; at least
today it doesn’t. In its time, however, it was rea-
sonable. Like all biologists of that period, Brock
firmly believed all bacteria to be “prokaryotes.” If
both of the thermophiles were prokaryotes and they
were not specifically related (as was believed), then
their common idiosyncrasy has to represent conver-
gence, independent adaptations to their respective
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extreme niches. From this perspective the case for
convergent evolution is indeed strengthened by
pointing to a third prokaryotic species (the extreme
halophiles), from a still different extreme niche, that
also had similar strange lipids. Brock’s conventional
mind set here is a wonderful example of what comes
of unquestioned acceptance of the assumption that
all bacteria are “prokaryotes” – all idiosyncratic char-
acteristics then become adaptive changes.

We didn’t know what kind of lipids the
methanogens had, and that was critical, for the lipids
were a good candidate for a property shared by all of
the organisms in the new urkingdom. Determining
the lipid type of the methanogens was essential. I fre-
quently discussed with Wolfe whom we could enlist
to find the answer. Although Brock wasn’t the one
to approach, one of his colleagues, Tom Langworthy
at the University of South Dakota (an expert in lipid
analysis), seemed to me a good bet; and it was
decided (I thought) to send cells to Langworthy.

Ralph then threw me a curve ball. He had come
up with a different candidate, a young professor at
Yale who was about to join our microbiology faculty,
who was also an expert lipid chemist, name of John
Cronan. Ralph felt (rightly, I had to admit) that it
would be more collegial for us to work with Cronan.
So Ralph ordered a pellet of methanogen cells sent
off to John for lipid analysis. Days went by; weeks
went by; it seemed like more; and no word from
Yale. Ralph finally agreed to call Cronan up and find
out what had happened. It turns out that John’s lab
had done a quick, but definitive, initial screen of the
methanogen for lipid type upon receiving the prep
and then dropped the project as uninteresting: there
was nothing new there; the methanogen lipids were
just like the halophile lipids. John had perceived the
whole thing from a strictly biochemical perspective.
Hadn’t Ralph made clear to him how critical
methanogen lipids were to our case?

It was back to plan A. Bill Balch was asked to
prepare methanogens again, and these were sent 
to Tom Langworthy and another lipid biochemist,
Thomas Tornabene (a colleague and oft-time collab-
orator of Langworthy’s). And in short order there the
answer was: methanogens have ether-linked lipids
(Tornabene & Langworthy, 1979). The circle had
been closed. The first archaebacterial-universal phe-
notypic property had been found.

Recently Tom L. recalled to me in touching detail
our first contact (he has a photographic kind of

memory). It was warm that day in mid-November
1977. He had been eating lunch and reading an
article in the latest issue of Time magazine about a
“third form of life.” Since there had been no mention
of our unpublished halophile work in the Time
article, Tom was unaware that we knew about any
lipid connection. So Tom had his own “eureka
moment,” for some of the bacteria he was working
with, Thermoplasma and Sulfolobus, were unusual
enough in their properties that they might even rep-
resent a fourth urkingdom (cf. Brock quote above).
He was thinking of contacting Time magazine about
the possibility when the phone rang. It was Woese
calling to ask him for help working with just these
organisms. We had decided to grow them ourselves
and were seeking cultures from Tom, which he pro-
vided on the spot. I was not willing to wait 
for Thermoplasma rRNA to come in under the
mycoplasma collaboration; it was at the bottom of
Maniloff’s list.

The work on Thermoplasma went smoothly, and by
the beginning of 1978 there existed a catalog defin-
ing the second major non-methanogenic archaeal
phenotype. I wanted to publish this one in Nature, to
give wide scientific coverage to the fact that archae-
bacteria were now a real group (comprising at least
two diverse organismal phenotypes). A manuscript
had been prepared accordingly and submitted. In
early June of that year a letter from Nature’s editor
arrived, which I opened expectantly. Rejection!
“Dear Professor Woese . . . I realize that there is con-
siderable interest in your Archaebacterial group;
nevertheless the basic idea has been so well exposed
that I am not convinced that the assignation of 
T. acidophilum to the group really demands a place in
Nature.” Perhaps I should have expected it. Nature
was a mouthpiece for molecular biology, a biology in
which the organism’s evolutionary history and the
organism in its own right don’t really count. An evo-
lutionary finding rates only a “so what!” with these
people – be it world shaking or not. Fortunately, our
work on the halophiles, moving toward publication
on a separate track, was accepted (quite rapidly, I
might add) – the only drawback being that it had
been submitted to a journal having much less cov-
erage than Nature had (Magrum et al., 1978). So at
least some of the biology community would be aware
that the Archaebacteria comprised more than one
organismal phenotype. The Thermoplasma rRNA
catalog was never published in its own right.
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The other organism Langworthy had sent us, Sul-
folobus acidocaldarius, was not being so cooperative. It
would turn out to be the first one of what we now
call the Crenarchaeota, the second of the two
archaeal kingdoms (the first now goes under the
name Euryarchaeota) (Woese et al., 1990). We had
actually begun the Sulfolobus catalog a month before
starting in on Thermoplasma, but it took seven
months in all to bring it to fruition. The primary
obstacle here was the hard-to-characterize modified
oligonucleotides. Instead of having half a dozen or so
modified oligonucleotides (as had the eubacteria and
all archaebacteria we’d so far encountered), the 16S
rRNA from Sulfolobus, the first crenarchaeon, had
near an order of magnitude more of them. The high
levels of modified nucleotides had proven true of
their tRNAs as well (Gupta & Woese, unpublished).
(A high degree of modification in rRNA and 
tRNA, of course, was reminiscent of eukaryotes.
Strange coincidence! It was tucked away for future
consideration.)

It was clear from the start that Sulfolobus was
indeed one of the Archaebacteria: it had many of the
by-now familiar archaebacterial signature oligonu-
cleotides. Yet its catalog did not fall within the
grouping defined by the Archaebacteria we had
already characterized. Our new urkingdom not only
contained several disparate phenotypes, but was
deeply divided into two major subgroups within
itself. (This latter fact would become more apparent
when the less informative oligonucleotide cataloging
method was replaced by direct sequencing of whole
rRNA molecules – and we started to present the data
primarily in the form of phylogenetic trees rather
than oligonucleotide signatures (Woese & Olsen,
1986).)

The archaeal family grows

There began to grow – in good measure thanks to the
proselytizing and other efforts of Otto Kandler 
in Germany – an increasingly large coterie of
“archaeophiles,” each of whom approached the
Archaebacteria from their own perspective. Thus by
1980 a fair amount was known about the specific and
general characteristics of the Archaebacteria. Notable
among the new faces in the movement were Wolfram
Zillig and his associate Karl Stetter, then a sort of post-
doc. Wolfram, one of the Abteilung Leiters at the

Martinsried Max Planck Institute, had built his career
around molecular characterizations of the DNA-
dependent RNA polymerases. By the late 1970s he
(by his own admission) had settled into “the rut of
refinement” with bacterial RNA polymerases.
Somehow the word had filtered down to him about
the “third form”; likely via Kandler. Immediately,
Wolfram and Karl turned their attentions to the RNA
polymerases of the Archaebacteria, publishing first
on the novel RNA polymerase of the halobacteria – in
the same year we publicly announced our own find-
ings on their rRNAs (Zillig et al., 1978). This was fol-
lowed by a mid-1979 description of a similar atypical
RNA polymerase from Sulfolobus acidocaldarius –
whose subunit composition on gross inspection
appeared rather eukaryote-like – (Zillig et al., 1979).
We were still finishing up the 16S rRNA catalog of
Sulfolobus acidocaldarius at the time, and hadn’t begun
to think about publication, which actually occurred
several years later in collaboration with Wolfram, a
publication now based upon a total of three different
(crenarchaeal) extreme thermophiles (Woese et al.,
1984).

Wolfram and Karl had figured out the ether-
linked lipid connection for themselves (if I am not
mistaken). Indeed, it is to these two that we owe any
strong emphasis that there was on the crenarchaeal
branch of the archaeal tree in the beginning.
Wolfram had also deduced that when Tom Brock 
isolated and characterized his thermoacidophiles, he
had probably missed a whole world of anaerobic
thermoacidophiles. And here would be the start of
his and Karl’s colorful (and sometimes dangerous)
adventures hunting for hyperthermophilic Archaea
around the globe (later carried on by Karl alone).
(Given that he frequented the vicinity of boiling sul-
furous hot springs so often, Karl came to refer to cre-
narchaeal hyperthermophiles as “the organisms from
hell,” even naming one genus Stygioglobus and at
least one species infernus accordingly.)

It was only a matter of time before there would
be a formal scientific conference – the field’s initia-
tion rite. Thanks to strenuous efforts on the parts 
of Wolfram and Otto, it happened sooner rather than
later. Planning began in 1980, with furious
exchanges of letters and phone calls; they also had
to obtain financial support (not an easy matter). The
meeting got scheduled for 1981 at the Max Planck
Institute at Martinsried-bei-München. The Martin-
sried meeting fulfilled everyone’s hopes; it covered
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the full spectrum of workers and work on the
Archaebacteria. Don’t think this means that the
number of participants was large; there were rela-
tively few of us in those days. A wonderful sharing
of knowledge and developing or expanding of scien-
tific relationships occurred at the meeting. Best of all,
it gave a feeling of group identity, a camaraderie, 
to many who attended. The Archaebacteria had
arrived!

Starting in 1977 (if I am correct) George and I had
begun planning to write a comprehensive publica-
tion about all the phylogeny work that had gone on
in the phylogeny project – one that would give
biology a little surprise. I nicknamed the project “Big
Tree.” There would be many authors on Big Tree,
reflecting the many people who had worked on the
project in my lab and all the collaborators who had
contributed the radiolabeled rRNA starting materials.
The actual writing, however, involved mainly George
and myself. That proved difficult enough.

With the hard part over, I submitted Big Tree to
Science on January 31, 1980 (eschewing Nature this
time around). With Science things went smoothly,
and the paper appeared in July of that year: “The
phylogeny of prokaryotes,” by Fox et al. (1980). It
was a heady experience, publishing a phylogenetic
tree that (in outline) covered all of life, and said to
boot that there were three, not two, primary lineages
of organisms on this planet. Before genealogical
analysis had been transposed to the molecular level,
the best that biologists had been able to do was make
trees for animals and/or plants. Here, for the first
time, was the skeleton of the full Tree of Life. Mon-
umental! Reviewers’ reactions to the paper had been
good. The reaction of the scientific public this time
was good as well.

The dedication unwanted and
recognition ungiven

I had dedicated Big Tree to C. B. van Niel (long
retired), who was one of the great microbiologists of
his era. In 1970 he had won microbiology’s highest
honor, the Leeuwenhoek Medal – an award given
once a decade by the Netherlands Royal Academy of
Sciences to “the scientist who has made outstanding
contributions to the advancement of microbiology
during the preceding ten years.” I had thought that
van Niel would be pleased and honored to see the

final solution to the problem of a natural bacterial
classification dedicated to him; for it was a problem
that he, Kluyver, and Stanier (among others) had
struggled with for a very long time without having
the (molecular) technology to cope with it. (A former
student and friend of van Niel’s, Robert Hungate, had
offered to send him the paper personally.)

When dedicating our paper to him I had read only
van Niel’s early work on natural classification of 
Bacteria, collaborations, first with Kluyver and then
with his student Stanier. Little did I know at the time
what van Niel’s final judgment on bacterial phyloge-
netics had been: it was “a waste of time to attempt a
natural system of classification for bacteria” (see
Stanier et al., 1957). Moreover, in 1962 he and
Stanier had even renounced their earlier efforts in
bacterial classification as something “neither of us
cares any longer to defend.” Our paper apparently
didn’t change van Niel’s mind, for I never heard from
him. But what I have just said is based upon what I
discovered later, from a fairly comprehensive study
of van Niel and his cohort’s writings on bacterial 
phylogeny.

Given the nature of our Science paper and the
reception it received, it should have been nominated
for “Paper of the Year” in Science, which, indeed, it
was. But the “Tree of Life” came in second (as I was
told by “sources”). I also found out what may have
been the reason: one of the judges had, apparently
innocently, praised the work as a contribution
“almost as important as the eukaryote–prokaryote
dichotomy.” “Hmm,” I fumed, “how can our work be
almost as important as something that is totally
wrong-headed, something that has influenced the
course of microbiology so adversely! Who is this
stupid judge?”

Prokaryote by any other name . . .

The more things progressed, the more prokaryote
loomed large, like a current against which no one
could swim. I had often reflected on why that day in
June 1976 it seemed so incredible to discover a
prokaryote that wasn’t a prokaryote. The reason was
obvious once I thought about it, which I – and it
turns out every other biologist – had never felt a
need to do previously. That is why we encountered
such difficulty in convincing others of what we’d dis-
covered. That is why the Nobel Laureate Luria had
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so scornfully rejected the three urkingdom notion.
Ralph Wolfe, who frequented microbiology meet-
ings, would tell me at the time about the “talk in the
corridors,” i.e. the behind-the-scenes, clubby dis-
missal of the three urkingdom concept. I was itching
for them to come after me in print. But none of them
would. It was so important to get the “prokaryote”
matter out in the open. Something was strange about
this “prokaryote”!

Whatever the reason, “prokaryote” had special
significance for microbiologists. Yet the reason 
couldn’t be historical usage of the term. “Monera”
was the preferred term for bacteria in the first half
of the twentieth century; Schizomycetes also being
used. And I couldn’t find the term “prokaryote” any-
where in the literature before 1962 – and neither
(more recently) could the historian Jan Sapp (2005).
“Prokaryote” seemed to appear out of nowhere at
that point in time (Stanier & van Niel, 1962). So why
were microbiologists so wedded to the “prokaryote”
that they rejected any suggestion of a third urking-
dom without even thinking about it?

By the 1970s a generation of microbiologists and
biologists in general had been raised believing that
“prokaryote” (term and concept) had originally been
the brain child of the protozoologist Edouard
Chatton (1938; Stanier & van Niel, 1962; Sapp,
2005). And the recent historical analysis also found
no evidence for Chatton’s even presenting the
concept (Sapp, 2005). In any case, how could any
biologist working in the early decades of the 
twentieth century infer anything about the organi-
zation of a bacterial cell, much less what features
were common among the organizations of all bacte-
rial cells: bacteria were a morphologically diverse
group, and all that one had to go on as regards their
internal organizations was negative evidence: they
were not (what we now call) “eukaryotic.” None of
it made sense.

Although we were unaware of it at the time (or
for some time thereafter), we were not faced with an
ordinary scientific situation here; it was no simple
case of a new, more detailed and factually supported
hypothesis displacing an entrenched older one. The
strength of that older idea, its dominating, dogmatic
hold on microbiology, implied rather more than that.
But what? Answering this question has taken me on
a somewhat bizarre journey that has lasted over two
decades, and only recently shown signs of coming to
its end. My understanding has had to pass through

three distinct stages, each broader in scope than the
previous.

First attempt: apply scientific reason

When we initially realized that the prokaryote
concept was the immovable object on the road to
microbiology’s development, I thought the matter
would resolve scientifically: tell biologists what their
“prokaryote” really is and they will understand.
Accordingly, George and I prepared a paper entitled
“The concept of cellular evolution” (Woese & Fox,
1977a). In it we denied the two defining tenets of
“prokaryote,” but kept the term itself, hoping thereby
to ameliorate the rather revolutionary change we
were proposing. The prefixes “pro-” and “eu-” had a
familiar ring to them; the notion that Bacteria were
separate from and older than – some perhaps even
ancestral to – eukaryotes was traditional.

Our argument went: yes, the terms “prokaryote”
and “eukaryote” do obviously recognize distinctly
different kinds of cellular organization, but no, in the
case of the prokaryote a common general organiza-
tion does not necessarily denote common ancestry
for all! Prokaryote should be looked at only as a level
of organization, a level distinct from that of the
(higher, more complex) eukaryotic cellular organi-
zation. Therefore, Archaebacteria and Eubacteria can
have the same general level of organization, but
have arrived at it independently. In other words,
the prokaryotic level of organization has evolved at
least twice!

The general principle here is that biology is a 
study in emergent levels of increasingly complex
organization. This idea, of course, was anathema to
twentieth-century reductionist biology; but it had
currency in the eighteenth and nineteenth centuries
(Burkhardt, 1977). We were simply resurrecting the
notion and recasting it in modern scientific terms.

In keeping with this general notion we then pos-
tulated a primitive level of organization even simpler
than the prokaryotic and eukaryotic, one that had
preceded the other two. I named it the “progenote”
to signify that the genotype–phenotype link at that
early stage had yet to reach the eventual perfection,
precision, and sophistication that characterizes
modern cells (Woese & Fox, 1977a).

It may have sounded absurd at the time that
Archaea and Eubacteria had evolved the same 
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cellular organization independently. But the absurd-
ity actually lies not in our proposal but in the origi-
nal assertion that all bacterial cells were of a kind,
had the same (prokaryotic) cellular organization –
from which monophyly had to follow (Stanier & van
Niel, 1962; Stanier et al., 1963). As I have said, there
was no way anyone in the early, middle, or even late
decades of the twentieth century could have known
anything about the nature of the organization of any
but the eukaryotic cell (and that was only a superfi-
cial description).

Despite what I thought was sound pleading our
argument had no takers; I don’t think that the vast
majority of (micro)biologists even bothered to con-
sider it. We would have to dig deeper to get at the
root of the problem.

Second attempt: follow the leader

After this, I essentially went off on my own to try to
solve the problem – which meant acquiring the per-
spective needed to see it in historical terms. Where
had “prokaryote” come from in the first place?
Microbiologists had traditionally made a strong dis-
tinction between Bacteria and the cells of “higher
forms” (see above). But none of it was taken as
certain or factually supported. It was all just neces-
sary speculation on the road to developing an under-
standing of bacteria. All that these early speculations
really accomplished was to define bacteria nega-
tively: they were not as large as eukaryotic cells; and
they lacked this, that, and the other microscopically
visible features so characteristic of eukaryotic 
cells; in addition to their showing no (common)
microscopically discernible intracellular structures of
their own.

Where, then, did this strongly asserted, definitive,
inflexible “prokaryote” come from? Focusing on the
“prokaryote’s” origin brought me directly to one, and
apparently only one, source, R. Y. Stanier and his
cohort. As I said above, I couldn’t find “prokaryote”
in the literature before 1962, when it appeared in the
classic paper of Stanier and van Niel (1962; Sapp,
2005). It was also noteworthy that, although the
term “prokaryote” was featured in the second edition
of The Microbial World (Stanier et al., 1963), it was
nowhere to be found in the text’s first edition
(Stanier et al., 1957).

No terminology before 1962. Was it the same for
the underlying concept? Yes: 1962 was the first time
the commonality of all bacterial cellular organization
was asserted (rather than just mused about). There
had been the older, questioning, more speculative
attitude about the nature of bacteria for some time,
but nothing like this, the self-assured, dogmatic
“prokaryote” we had encountered in 1977.

It is particularly important to know how “prokary-
ote” was defined in 1962, for there is a tendency
today to adjust the term at will (Judson, 1996),
which is counterproductive in that it is tantamount
to superficial “surgery” that only further conceals a
deeper chronic condition. “Prokaryote” rests on two
definitional pillars: (i) the assertion that it represents
one of “two different organizational patterns of
cells” (the other being that of the eukaryote); from
which it must follow that (ii) “we can therefore
safely infer a common origin for [all ‘prokaryotes’]
in the remote evolutionary past” (Stanier & van Niel,
1962; Stanier et al., 1963; emphasis added). The
prokaryote, moreover, was seen to provide “our only
hope of more clearly formulating a ‘concept of a 
bacterium’” (Stanier & van Niel, 1962), because “the
ultimate scientific goal of biological classifica-
tion [i.e. a natural, or phylogenetic classification]
cannot be achieved in the case of bacteria”
(Stanier et al., 1963; original emphasis). Only in
1962–3 does one begin to see such a definitive,
strongly worded and inflexible position taken on the
nature of bacteria. There was no sound scientific
reason for it either, for the “prokaryote” was founded
solely upon rhetoric, with no intent or attempt 
to give it a firm foundation subsequently. The 
whole thing was only scientific “guesswork” (sensu
Schroedinger, 1954).

What sank matters further into strangeness was
the fact that the microbiology community accepted
this guesswork (both alien term and out-of-the-blue
concept) immediately and overwhelmingly. No crit-
icism, no serious discussion, greeted the prokaryote’s
debut. An obvious weakness in the authors’ presen-
tation had been the lack of adequate comparative
evidence upon which to base the assertion of prop-
erties common to all bacteria – too few properties
and too narrow a sampling of bacterial taxa (Murray,
1962), which could have been remedied easily by
doing more work, sampling a wider range of taxa.
Yet no one did this or apparently saw the need to! It
was as though microbiologists simply wanted to
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make the issue go away: it was time to close the door
and move on (Sapp, 2005).

It is revealing to compare the ready and enthusi-
astic reception of the prokaryote with the irate 
reaction that the three-urkingdom archaebacterial
concept engendered a decade and a half later – even
though the three urkingdom concept had solid
factual support, with more facts obviously to come.
I clearly needed to get to the bottom of this, to under-
stand the diametrically opposed responses the micro-
biology community had given to the two points of
view.

What I had now learned was that individuals
could not be held responsible for what had happened
to microbiology in the middle decades of the twen-
tieth century. They were among the few who had
seen the problem, and they had tried to resolve it –
unfortunately in the wrong way. Those “responsible”
were just the lead birds in a migrating flock: shoot-
ing them down does not affect the flock’s course.
There was a deeper dynamic at work here, one that
would be far more difficult to change.

Third attempt: understand 
the mythology

This last insight proved critical. An intellectual tide
was the key to the problem. Molecular biology, in 
its insistent reductionism, lay at the heart of the 
issue (Woese, 2004). The intellectual landscape was
indeed being restructured! Two factors were going to
shape twentieth-century microbiology: the power of
molecular biology’s vision and the weakness of
microbiology’s.

Bacteria are organisms, not simply bags of bio-
chemistry. Microbiology is a fortiori an organismal
discipline. Organisms in their fullness must be its
study. The organism’s parts are surely important, but
important in what they contribute to an overall
understanding; the same being true of the higher-
level interactions that structure microbial com-
munities, their ecologies. These, together with an
appreciation of microbial variety and long- and
short-term evolutionary dynamics, make for a 
“tetrahedral” synthesis called “organism,” quintes-
sential biological organization.

Within the context of his time the great micro-
biologist Martinus Beijerinck appreciated bacteria in
just this full sense. When in 1905 he was asked (on

the occasion of being awarded the Leeuwenhoek
Medal) to articulate his view of the microbial world
and its study, he had replied that the most effective
approach to understanding microorganisms was “the
study of microbial ecology”; adding that microbes
represent the “lowest limits of the organic world, and
. . . constantly keep before our minds the profound
problem of the origin of life itself” (van Niel, 1949;
van Iterson Jr et al., 1983). Here in the making was
a rich, genuinely organismal picture of the microbial
world.

Unfortunately, Beijerinck’s successors did not, nor
did they care to, realize his vision. Initially it was not
technologically feasible to do so, but doing so in any
case would have meant going against the new reduc-
tionist tide, which microbiology was conceptually
unequipped to do. Therefore, outside influences, not
innate tendencies, would shape the discipline.

To Beijerinck’s successor A. J. Kluyver (and his
“Delft School”) the organism in its own right (i.e. as
a biological organization) meant nothing: biochem-
istry was the essence (Kamp et al., 1959). The
emphasis would be on uncovering the main bio-
chemical themes among the bacteria (Kluyver &
Donker, 1926) – and all of the nuanced variations
thereupon (Kluyver, 1931). Yet how many of the
organic compounds we know do you think would
exist on this planet if some kind of biological 
organization weren’t around to produce them (Kauf-
mann, 1995). (Most organic compounds we see in
nature are like the new elements at the high end of
the periodic table in that they require “organismal
intervention” to exist at appreciable levels.) After all,
bacterial metabolic diversity in the last analysis is not
a biochemical problem; it is an evolutionary one, a
question of why and how such great biochemical
(metabolic) diversity arose in the first place, and why
certain biochemical pathways were evolutionarily
singled out for (biological) amplification. By the
middle of the twentieth century our conception of
bacteria had moved from Beijerinck’s multifaceted
organismal one to the Delft School’s disassembled
one (see van Niel, 1949).

The reason for roots

Every scientific discipline rests upon an axiomatic
foundation, a scientific mythology, which informs it
and the world as to what it is and in the process
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charts its course. Microbiology’s mythology, non-
organismal and almost non-existent, reflected the
Delft School perspective. And that is why in 1962, in
the heyday of microbial biochemistry, when all
manner of new biochemicals and metabolic path-
ways were being uncovered, R. Y. Stanier had said
(in introducing the “prokaryote” concept): “the
abiding intellectual scandal of bacteriology has been
the absence of a clear concept of a bacterium . . . the
problem of defining these organisms as a group in
terms of their biological organization is clearly still of
great importance, and remains unsolved” (Stanier &
van Niel, 1962). It was obvious that microbiology
was in a state of disarray; it did not understand itself;
it had no real conceptual base (mythology) from
which to draw support. And this is why the prokary-
ote concept (or something equivalent) was needed
in order for the discipline to have an “organismal”
sense of itself.

The “prokaryote” was only scientific guesswork
(as said above). But it did seem to give microbiology
the badly needed keystone in its conceptual 
foundation (its mythology). Prokaryote provided an 
overarching, authoritative, and authenticating
framework within which now to work. Yet note 
that the concept had precluded an evolutionary
(phylogenetic) definition of bacteria – in my opinion,
the only concept possible.

Missing the train

One needs to recall here that the “prokaryote”
concept developed while molecular biology was pro-
viding the scientific world its first glimpse of the
power that lay in molecular sequencing (Sanger &
Tuppy, 1951; Sanger & Thompson, 1953). Zuck-
erkandl and Pauling (1965) were trumpeting the
molecular approach to evolution; and F. H. C. Crick
(1958) had said, “Biologists should realize that before
long we shall have a subject which might be called
‘protein taxonomy’ – the study of amino acid
sequences of proteins of an organism and the com-
parison of them between species.” He added that
“these sequences are the most delicate expression
possible of the phenotype of an organism and . . .
vast amounts of evolutionary information may be
hidden away within them.”

It seems highly unlikely that the vast majority of
microbiologists were totally ignorant of the new

molecular approach to organismal relationships,
especially given the exquisite need the discipline had
for evolutionary underpinnings. What is more likely
(as discussed) is that a conceptually unsettled micro-
biology wanted to rid itself of a perspective that was
not in keeping with the reductionist tenor of the
times (Woese, 2004). The prokaryote accomplished
that: it papered over “the problem of defining 
[bacteria] as a group in terms of their biological
organization” (Stanier & van Niel, 1962). But it had 
cut microbiology away from its organismal, evolu-
tionary roots in the process. (While a considerable
amount of nucleic acid hybridization work was 
subsequently done in microbial taxonomic structure,
the work’s intent was simply to improve existing bac-
terial taxonomy. The grand challenge of a natural
classification, a universal phylogeny for bacteria
(Stanier & van Niel, 1941), had disappeared from the
scene.)

There is actually nothing surprising about this
strange “prokaryote period” in microbiology’s
history. The dynamic at work here is encountered in
many different fields: “the past needs to be forgotten
because it reveals the confusion and lack of cohesion
of the present.” It is just that in this case the whole
thing was so patently unscientific.

Where are we going?

A biology that does not concern itself with evolution
is not biology. Contradicting the ill-framed reduc-
tionist view of biology is precisely why I had estab-
lished the program of (molecular) phylogenetic
reconstruction in the first place. The program’s raison
d’être was to revive the evolutionary spirit that
underlies biology and had been nearly squeezed out
of existence by reductionism. Thus, the Archaea
were indeed a splendid surprise to me: they were 
a resonating thunderclap that would awaken the
Sleeping Giant of evolution. As I saw it, the discov-
ery of the Archaea had turned over the reductionist
rock, and the weakness in that paradigm now lay
there for all to see. But things didn’t turn out that
way.

The evolutionary message inherent in the discov-
ery of the Archaea faded. Consequently, micro-
biology has yet to resolve its foundational issues. The
discipline goes on today rootless as ever, uncon-
cerned with microbial evolution, living in the 
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scientific dream world of the prokaryote. The evi-
dence is everywhere: “prokaryote” remains im-
printed across the discipline, structuring its modes of
thought, defining its curriculum, its scope, shaping
its future. One glance at how the discipline of micro-
biology responded to the challenge of the Archae-
bacteria and later to the advent of genomics will
show you a discipline lost in its past, blown about by
the capricious winds of a society. Microbiology did
not meet the challenge of the Archaebacteria, nor
has it yet met that of genomics.

Microbial genome sequencing began only in 1995
(Fleischmann et al., 1995). I know from personal
experience that had microbiologists (and biologists 
in general) perceived its significance, microbial
genomics could have begun by the mid-1980s
(Woese, 1993). Archaea are so unlike Eubacteria,
and we didn’t (and still don’t) know enough about
them. Genome sequencing was the only way to bring
the “third urkingdom” up to scientific speed (Woese,
1993).

Sadly, when microbiologists finally took a
genomic approach, it was only because genomics
could be used (and funds obtained for that) to attack
a host of practical problems (medical, agricultural,
environmental), problems that they had been
dealing with for decades. To the extent that micro-
bial genomics affected the intellectual climate in
microbiology at all, it did so adversely: each micro-
bial genome rationalized and sequenced for a differ-
ent reason. No concerted program in, no organismal
rationale for, microbial genome sequencing even
existed until quite recently.

Moving horizontally

Many microbiologists have developed interests in
horizontal gene transfer (HGT) over the past decade.
In that HGT provides an important, if not the most
important, clue to the dynamic of cellular evolution,
there would seem to be hope in this. With a few
important exceptions, however, the microbiologist
has not seen the fundamental evolutionary signifi-
cance of HGT: most of the concern centers on health-
related matters, and a little also with particulars such
as cellular mechanisms involved in HGT. Neverthe-
less, there are very promising studies involving
metagenomic approaches to microbial community
structure and dynamics beginning, in which the role

of HGT (and viruses) is absolutely central (Rachel et
al., 2002a; DeLong, 2005; DeLong & Karl, 2005).

The defining problems of twenty-first-
century microbiology (and biology)

The future of microbiology does not lie on the field’s
current path. If the status quo in microbiology per-
sists, the discipline is on course to become a complete
and total service discipline, simply bioengineering.
What is needed, what is essential, is that micro-
biology become far more of a basic biological disci-
pline than it has ever been – some sort of modern
realization of Beijerinck’s holistic vision. Throughout
the twentieth century, microbiology’s course was
charted by the dictates of molecular reductionism and
the practical concerns of a biomedically oriented
society. Biology itself was the low man on the scien-
tific totem pole; and microbiology the low man on its.

Now things must reverse. Not only must micro-
biology become the leading discipline, the guide, in
biology; but biology itself should become the basal
discipline of the sciences. Microbiology’s lack of
concern with evolution has been the discipline’s
downfall in the past and could remain its (and
biology’s) nemesis in the future. Microbiology
departments today are products of historical acci-
dent, held together in essence by institutional inertia.
It is not a good sign that the basic research at micro-
biology’s forefront is increasingly being done outside
of the context of formal microbiology departments.

The future of biology lies in understanding the
nature of biological organization. Microorganisms
are a central concern here, for they are biology’s
primary window on the problem. Twentieth-century
biology (especially microbiology) was structure-
oriented, reductionist, and temporal in its view of
life. The biology of today must be evolutionary, holis-
tic, and process-oriented.

We meet twenty-first-century biology right now
in terms of two grand problems: (i) the evolution of
the cell; and (ii) an understanding of the global envi-
ronment. While these two may seem quite unre-
lated, the one as fundamental as biology now gets,
the other essentially applied (and of pressing
concern), this is not so. At base both represent prob-
lems in biological organization. And the two will
become closely joined when biology comes to study
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the early stages in the evolution of the cell, when
horizontal gene transfer dominated the evolutionary
dynamic, leading to an evolution that was essentially
communal, not individual (involving distinct line-

ages) (Woese, 1982, 2002). Only a microbiology that
embodies the spirit of biological organization, organ-
ism and evolution, will be fit to lead biology in the
twenty-first century.

THE BIRTH OF THE ARCHAEA: A PERSONAL RETROSPECTIVE 15

Acknowledgments

This chapter is dedicated to Wolfram Zillig, A founder of the archaeal revolution. My work is supported by grants from
the Department of Energy, and the National Aeronautics and Space Administration.

GAR1  9/15/06  3:26 PM  Page 15



GAR1  9/15/06  3:26 PM  Page 16



Introduction

One-third of living organisms on Earth remained unnoticed by human curiosity until the last decades of the
twentieth century. However, Archaea have likely been there for more than three billion years, thriving in all
terrestrial and marine environments. Archaea exhibit unique features at the molecular level that expand the
realm of biochemistry, and in addition they harbor precious relics of our own history. From the very begin-
ning of their appearance in the scientific literature, Archaea have been a goldmine of biological novelties, and
many hidden treasures still wait to be deciphered by old and new Archaea lovers. Research on Archaea has
produced great scientists and made already great scientists even greater, pushing some of them to cross inter-
disciplinary boundaries, transforming biochemists and molecular biologists into microbiologists and vice versa.

How did the archaeal domain originate, diversify, and evolve into the myriad of organisms that we observe
today? A good knowledge of the evolutionary relationships between archaeal lineages and between Archaea
and other organisms is essential to answer these questions and to make sense of the physiological, bio-
chemical, and genomic data that have accumulated at an increasing pace over the past years.

Phylogeny of the Archaea

A brief history of early studies 
on archaeal evolution

The first glimpses into the natural history of Archaea
(formerly Archaebacteria) were rapidly obtained 
by the same methods that led to their discovery, 
i.e. comparison of small subunit ribosomal RNA
sequences (SSU rRNA) using oligonucleotide cata-
logues (see Chapter 1 of this volume). In the three
years following the establishment of the archaeal
concept (Woese & Fox, 1977b), it was already real-
ized that Thermoplasma and Halobacterium had close
evolutionary affinity with methanogens (Halobac-
terium being specifically related to the Methanomi-
crobiales), whereas Sulfolobus remained an outlier.
Thus, the division of the archaeal domain into two

main branches, now known as Crenarchaeota and
Euryarchaeota (Woese et al., 1990), was already
established.

The sequencing and phylogenetic analysis of full-
length SSU rRNA sequences in the mid-1980s con-
firmed these two main divisions of Archaea, and the
close relationship between the halophilic Archaea
(hereafter called Haloarchaeales) and Methanomi-
crobiales (Woese, 1987). It was also immediately
noticed that branches leading to hyperthermophiles
grouped at the base of the archaeal SSU rRNA tree
using bacterial sequences as the outgroup. Early
analyses suggested that Thermococcus celer was the
earliest emerging euryarchaeal lineage (Achenbach-
Richter et al., 1988). Later on, with the availability
of novel archaeal SSU rRNA sequences, T. celer was
displaced from this basal position by another hyper-
thermophile, the methanogen Methanopyrus kandleri
(Burggraf et al., 1991). These early observations led
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the majority of authors to conclude that: (i) Archaea
originated from a hyperthermophilic anaerobic
ancestor; (ii) methanogenesis was an old phenotype;
and (iii) Archaea were indeed very ancient, since
they were probably already thriving in the anoxic
atmosphere of the primitive Earth, rich in H2

and CO2.
In the mid-1990s, the sequencing of environmen-

tal SSU rDNA sequences of uncultivated archaea
from Yellowstone hot springs led to the proposal of
a third archaeal kingdom, the Korarchaeota, that
occupied a place even closer to the putative root in
the archaeal SSU rRNA tree (Barns et al., 1996).
Korarchaeota were recently displaced from this posi-
tion by the hyperthermophile Nanoarchaeum equitans,
possibly the first identified parasitic archaeon, and
the smallest known cellular organism (Huber et al.,
2002).

Although largely settled, the history of Archaea as
seen by SSU rRNA sequence comparison was not
devoid of problems. For example, these analyses
failed to give a clear-cut placement – either 
monophyletic or not – for the methanogenic 
lineages (Methanobacteriales, Methanomicrobiales,
Methanococcales and Methanopyrales). The basal
position of Methanopyrus kandleri in the SSU rRNA
archaeal tree was also controversial. The presence of
atypical (possibly primitive) lipids (Hafenbradl et al.,
1993) and some idiosyncrasies (a split reverse gyrase
gene (Krah et al., 1996), or else a double-fused
histone (Slesarev et al., 1998)) seemed to confirm its
basal position in the euryarchaeal branch of the SSU
rRNA archaeal tree, away from other methanogens.
On the other hand, Methanopyrus was a bona fide
methanogen, with a classical methanogenic pathway
and RNA polymerase (see below).

The inability of SSU rRNA studies to convincingly
resolve all these issues led Wolfram Zillig to strongly
advocate early on the use of alternative (or comple-
mentary) molecular markers such as RNA poly-
merases. Zillig stressed the usefulness of comparing
amino acid sequences and underpinned the large size
of RNA polymerase large subunits (Klenk et al.,
1994). Analysis of RNA polymerase structures
revealed a major division in the archaeal domain,
which did not match the euryarchaeal/crenarchaeal
one. The large B subunit of archaeal RNA poly-
merases (the homologue of bacterial β subunit) was
found to be split in two subunits – B′ and B″ – in
Haloarchaeales, Archaeoglobus, and all methanogens

(including Methanopyrus). This observation suggested
that Thermoplasma (with an intact B subunit)
diverged from other Archaea before the Haloar-
chaeales and methanogens. This position was appar-
ently confirmed by an early RNA polymerase
phylogeny (Klenk & Zillig, 1994).

In the mid-1990s, the discovery of contradictions
between rRNA trees and key protein trees caused a
number of scientists to question the validity of deep
phylogenetic relationships suggested by rRNA trees.
Doubts turned into profound skepticism when the
Microsporidia issue unfolded. Microsporidia are
eukaryotic parasites lacking mitochondria that had
acquired the status of primitive eukaryotes ten years
earlier when they appeared to emerge as the first off-
shoot at the base of the eukaryotic SSU rRNA tree
(Vossbrinck et al., 1987). However, later phylo-
genetic analyses based on markers such as actin,
tubulin, and RNA polymerase, as well as the pres-
ence of mitochondrial genes, finally revealed that
Microsporidia are degenerated fungi. They were mis-
placed in the SSU rRNA tree due to the fast rate of
evolution of their ribosomal apparatus (for a review,
see Embley & Hirt, 1998). The shape of the eukary-
otic SSU rRNA tree, with a large trunk populated by
various protists, and an apical part grouping other
protists, animals, plant, and fungi, eventually also
turned out to be an artefact of long branch attraction
(LBA) (Gribaldo & Philippe, 2002). If the eukaryotic
SSU rRNA tree was inaccurate, could it be that the
archaeal one was also misleading?

Thus, it was expected that whole genome sequence
data would confirm, or not, the main results obtained
with the SSU rRNA tree and resolve the remaining
questions about the history of the archaeal domain.
We will see that these expectations proved to be partly
correct when the potentially misleading genomic data
were properly analyzed. In the end, apart from a few
important exceptions that are discussed below,
genomic data have remarkably corroborated most
features of the archaeal SSU rRNA tree.

Whole genome based approaches

Genomic sequencing has provided the information
needed to produce whole genome trees, either uni-
versal trees of life or trees specific to individual
domains (Delsuc et al., 2005). Various methods were
designed to recover as much information as possible
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from complete genome sequences, either gene 
presence/absence (with a correction according to
genome sizes), the sharing of orthologous gene clus-
ters, supertrees (combining individual protein trees
with different taxonomic sampling into a single one),
or even shared metabolic pathways (Wolf et al.,
2001, 2002; Clarke et al., 2002; Daubin et al., 2002;
Ma & Zeng, 2004; Gophna et al., 2005, and refer-
ences therein for earlier studies). Most recently,
structural genomics has been used to build whole
genome trees based on the presence/absence of
protein folds (Yang et al., 2005). In all these studies,
Archaea turned out to be well separated from
Eukarya and Bacteria, thereby confirming the three-
domain concept. However, other well established
features of the SSU rRNA tree were surprisingly not
recovered. In particular, regardless of method, nearly
all whole genome trees place Haloarchaeales and
Thermoplasmatales either at the base of the Archaea
or at the base of Euryarchaeota, or even as sister
groups of Crenarchaeota. The late branching of
Haloarchaeales and Thermoplasmatales, as in the
SSU rRNA tree, was only recovered in the supertrees
built by Daubin et al. (2002).

The apparent early emergence of Haloarchaeales
and Thermoplasmatales in most whole genome trees
is probably due to a bias introduced by horizontal
gene transfers (HGT). Indeed, the genome of both
Halobacterium NRC1 and Thermoplasmatales con-
tains an important number of genes that were
recruited from Bacteria (Kennedy et al., 2001), some
of which may be shared with Crenarchaeota. The
sharing of genes encoding operational proteins by
aerobic Crenarchaeota (Sulfolobus, Aeropyrum) and
Haloarchaeales could also explain why the latter
were grouped with Crenarchaeota in a whole
genome tree based on shared metabolic pathways
(Ma & Zeng, 2004). The genomes of Thermoplas-
matales also contain, in addition to a substantial
complement of bacterial-related genes, a high pro-
portion of genes shared exclusively with Sulfolobales
(an archaeal genus inhabiting the same thermoaci-
dophilic environments) (Ruepp et al., 2000; Gophna
et al., 2005). As a consequence, in rooted whole
genome trees that are not corrected for biases
induced by HGT, Haloarchaeales should be attracted
towards Bacteria, and Thermoplasmatales towards
Crenarchaeota and Bacteria.

Few attempts have been made in the literature to
systematically correct whole genome trees for the

effect of HGT. Methods used to construct whole
genome trees either do not consider this bias, or
appear not to handle it correctly (Clarke et al., 2002;
Gophna et al., 2005). If HGT is more or less uniform
and not prevalent in one direction, the whole
genome tree reconstruction approach that appears to
be the least affected by HGT is the supertree one. In
fact, the biases due to HGT involving particular
markers are overwhelmed by the whole phylo-
genetic signal. For example, Thermoplasma and
Haloarchaeales showed a late emergence in a uni-
versal supertree built from the combination of 730
individual protein trees for 45 species (including 
nine Archaea) (Daubin et al., 2002). The late 
emergence of Haloarchaeales and Thermoplas-
matales, also observed in the rRNA tree and in trees
based on ribosomal proteins (r-protein) and RNA
polymerase subunits (see below), is thus most likely
correct.

Approaches based on limited gene sets

Faced with the failure of most whole genome trees
to solve the problems raised by SSU rRNA phylo-
genies, several authors have chosen an alternative
approach, i.e. the simultaneous analysis (also called
supermatrix approach) of protein alignments pre-
senting similar taxonomic samplings (Delsuc et al.,
2005). Preliminary individual analyses are usually
performed in order to detect and remove from
further analysis those markers that show clear evi-
dence of HGT. Remaining datasets are concatenated
into a single large dataset that improves the phylo-
genetic signal and thus the resolution of the result-
ing trees. Scientists interested in archaeal phylogeny
have chosen to focus on the concatenation of infor-
mational proteins, since these are thought to be less
affected by HGT (Wolf et al., 2001, 2002; Matte-
Tailliez et al., 2002; Slesarev et al., 2002; Waters et
al., 2003; Brochier et al., 2004, 2005a, b; Bapteste et
al., 2005).

Surprisingly, the first concatenated r-protein trees
based on 32 r-proteins conserved in Archaea and
Bacteria confirmed the odd results of most whole
genome trees, with Haloarchaeales, Thermoplas-
males, and Archaeoglobus fulgidus emerging in that
order prior to the divergence between Euryarchaeota
and Crenarchaeota (Wolf et al., 2001; Slesarev et al.,
2002). In that case, this basal position is most likely
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due to the attraction of their long branches by that
leading to the bacterial outgroup. This emphasizes
the importance of building unrooted trees when
working within a single domain in order to limit LBA
artifacts. In addition, poor sequence conservation
among domains usually leads to ambiguous align-
ments that eliminate numerous informative posi-
tions. Following this strategy, unrooted archaeal
trees constructed from 53 r-proteins recovered most
evolutionary relationships previously seen in SSU
rRNA trees, including the late emergence of Haloar-
chaeales and Thermoplasmatales (Matte-Tailliez 
et al., 2002; Brochier et al., 2004, 2005a, b; Bapteste
et al., 2005). This late emergence was also observed
in unrooted trees constructed from the concatena-
tion of RNA polymerase subunits (Brochier et al.,
2004, 2005a).

Despite this congruence, trees based on the con-
catenation of r-proteins and those based on RNA
polymerase subunits still exhibited key differences,
such as the relative position of Archaeoglobales 
and Thermoplasmatales within the supergroup also
including Haloarchaeales and Methanomicrobiales,
or else the relative positions of Methanococcales and
Methanobacteriales, which were monophyletic in
the transcription tree but not in the translation 
tree (Brochier et al., 2004). More troublesome,
Methanopyrus kandleri emerged after Thermococcales
in the r-protein trees, whereas it branches at the base
of the Euryarchaeota in the RNA polymerase sub-
units and the SSU rRNA trees. However, the pres-
ence of a very long branch suggests the risk of an
LBA artifact (Brochier et al., 2004). The incongru-
ence between the two trees in the position of A.
fulgidus, and in those of Methanobacteriales and
Methanococcales, might have been due to either
confusion caused by undetected HGT, and/or an
insufficient phylogenetic signal in the protein
datasets. The latter hypothesis is correct, since, when
the number of genomes used for the analysis was
increased from 19 to 25, the r-protein and RNA poly-
merase trees were finally overlapping with only 
one exception (see below). (See Plate 2.1a, b for
updated trees.)

We wish to stress the congruence between the
phylogenetic signal harbored by the components of
the archaeal ribosome and RNA polymerase. Indeed,
since the r-proteins and the SSU rRNA belong to the
same macromolecular complex, it could be argued
that the convergence between concatenated r-

proteins and SSU rRNA trees could be attributed to
similar patterns of HGT for these two ribosomal com-
ponents. In particular, it was recently claimed that “a
consistent and extensive pattern of congruence
among informational genes in branching patterns at
the level of bacterial and archaeal phyla has not been
established” (Charlebois & Doolittle, 2004). We think
that such congruence is now quite clearly established
for Archaea. This highlights the existence of a core
of genes that were inherited mainly vertically in
Archaea and can thus be confidently used to retrace
the natural history of this domain.

The phylogenetic position of 
Methanopyrus kandleri

The fact that Methanopyrales represent the first off-
shoot of Euryarchaeota in the SSU rRNA tree has for
long been taken as a support for an early origin of
methanogenesis in Archaea. However, as previously
indicated, M. kandleri occupies two incongruent 
positions in previous (Brochier et al., 2005a) and
updated r-protein and RNA polymerase trees (Plate
2.1a, b). In the r-protein tree M. kandleri groups with
Methanothermobacter thermautotrophicus, whereas in
the RNA polymerase tree M. kandleri clusters with
Nanoarchaeum equitans between Crenarchaeota and
Euryarchaeota (Plate 2.1a, b). However, in the RNA
polymerase tree M. kandleri harbors a relatively long
branch (a peculiarity not observed in the r-protein
tree; Plate 2.1a), reflecting a higher evolutionary rate
of its RNA polymerase subunits (see, for example,
the phylogeny of RNA polymerase A1 subunit in
Plate 2.2). The fast evolutionary rate of the trans-
cription proteins of M. kandleri is exemplified by the
presence of a number of insertions higher than that
observed in any other archaeal species (27 in M. kan-
dleri, whereas the number of insertions specific to
other archaeal lineages ranges between one and
eight). In addition, in M. kandleri the regions sur-
rounding these insertions are frequently flanked by
highly divergent regions (Plate 2.2). As a conse-
quence of the fast evolutionary rate of its RNA poly-
merase, the branch leading to M. kandleri may be
attracted towards the base of the euryarchaeal
branch by the long branch leading to the crenar-
chaeal outgroup and N. equitans.

We thus reckon that the position of M. kandleri
in the r-protein tree is the correct one. This is in
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agreement with: (i) a split of the gene coding the
RNA polymerase B subunit as seen in other
methanogens; and (ii) the presence of pseudo-
murein, a character shared with Methanobacteriales.
Amazingly, the basal positions of M. kandleri in the
SSU rRNA tree and the RNA polymerase tree are
probably based on different artifacts: LBA in the RNA
polymerase tree, and G+C content bias in the rRNA
tree. Indeed, M. kandleri exhibits a very short branch
in the rRNA tree, but a very high rRNA G+C content
as compared to other methanogens.

The origin of methanogenesis

Phylogenetic analyses indicate that methano-
genesis originated only once during archaeal evolu-
tion. Indeed, all methanogens (Methanococcales,
Methanobacteriales, Methanomicrobiales, Methano-
sarcinales, and Methanopyrales) share the same 
set of homologous enzymes and cofactors required
for the central pathway of methanogenesis (the
hydrogenotrophic pathway) (Bapteste et al., 2005).
The grouping of M. kandleri with other thermo-
philic methanogens (Methanobacteriales and
Methanococcales) and of Methanomicrobiales and
Methanosarcinales in the archaeal tree suggests 
that methanogenesis originated in Euryarchaeota 
at least after the divergence of Thermococcales.
Methanogens appear interspersed among non-
methanogens since methanogenesis enzymes were
partly lost in the lineage leading to Archaeoglobus
(and others re-targeted to other functions) and com-
pletely lost in the lineages leading to Haloarchaeales
and Thermoplasmatales. Accordingly, Bapteste and
colleagues have proposed classifying methanogens
based on their position in the archaeal tree: group I
includes the Methanopyrales, Methanobacteriales,
and Methanococcales, and group II contains 
the Methanosarcinales and Methanomicrobiales
(Bapteste et al., 2005). The division between groups
I and II was recovered in a phylogeny based on the
concatenation of orthologous enzymes involved in
the hydrogenotrophic pathway and in the biosyn-
thesis of coenzymes involved in methanogenesis
(Bapteste et al., 2005), as well as in individual trees
of these proteins. This indicates that proteins
involved in methanogenesis have apparently not
been subjected to HGT during archaeal evolution,
challenging current thought that successful HGT fre-

quently affects genes coding for operational proteins
such as those involved in metabolic pathways. HGT
may be more successful when the fixation of the
incoming protein is favored by positive selection
pressure. In the case of methanogenesis, there 
was no apparent positive selection pressure 
for HGT between different methanogens, and the 
all-in-one transfer of the complete pathway to 
non-methanogens was probably prevented by the
dispersion of these genes in archaeal genomes.

The sudden appearance of the complete
methanogenic pathway in the early evolution of
Euryarchaea is quite surprising considering the
number of proteins involved. Interestingly, three of
the archaeal enzymes in the hydrogenotrophic
pathway, and most of those required for the biosyn-
thesis of coenzymes required for methanogenesis,
have bacterial homologues (Chistoserdova et al.,
2004). These are involved in aerobic methanotrophy
(the degradation of methane to CO2) or in formalde-
hyde detoxification in some α and γ Proteobacteria
lineages. These proteins (thereafter called MMF pro-
teins for methanogenesis, methanotrophy, formalde-
hyde detoxification) have also been identified in the
genomes of Planctomycetales (Chistoserdova et al.,
2004). The presence of MMF proteins in Bacteria can
be explained in two ways. Either they were trans-
ferred from Archaea to Bacteria (Bapteste et al.,
2005), or they were already present in the common
ancestor of Archaea and Bacteria (Chistoserdova 
et al., 2004, and references therein). In the first sce-
nario, aerobic methanotrophy originated as a novel
pathway in Bacteria from MMF proteins of archaeal
origin, whereas in the second, methanogenesis 
and anaerobic methanotrophy in Archaea and
aerobic methanotrophy in Bacteria originated 
independently from an ancient formaldehyde 
detoxification pathway present in their last common
ancestor (Chistoserdova et al., 2004). In agreement
with the latter hypothesis, formaldehyde is pre-
sumed to have been very abundant on early Earth
(Chistoserdova et al., 2004).

Several observations support the antiquity of
MMF proteins: (i) successful transfer of MMF pro-
teins from Archaea to Bacteria is unlikely, if the dis-
persion of their genes seen in archaeal genomes is
ancestral; (ii) archaeal and bacterial MMF proteins
appear well separated in phylogenetic trees (see 
Fig. 2 in Chistoserdova et al., 2004); and (iii) two
MMF proteins are present in Crenarchaeota and one
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of these is also in the Thermococcales. These do not
branch within the methanogens, as would be
expected if they were present in the last common
ancestor of Archaea and Bacteria rather than being
recruited by HGT. If MMF proteins were already
present in the last universal common ancestor
(LUCA), one has to assume that they were lost inde-
pendently in most bacterial and archaeal lineages.
This might be possible, since the complete loss of all
enzymes involved in methanogenesis occurred in
Thermoplasmatales and Haloarchaeales. However, if
the last archaeal common ancestor (LACA) was a
methanogen, then methanogenesis was lost in both
Crenarchaeota and Thermococcales.

The origin and evolution of methanogenesis thus
appears to be a very important topic that requires
new phylogenetic analyses, including more data. It
will be especially interesting to analyze MMF pro-
teins that were recently identified from uncultivated
Archaea responsible for anaerobic methanotrophy
(Hallam et al., 2004). These anaerobic methan-
otrophic Archaea branch close to Methanosarcinales
in the SSU rRNA tree, suggesting that anaerobic
methanotrophy originated in Archaea from the
methanogenic pathway, although its relationship, if
any, with the bacterial aerobic pathway is presently
unknown.

The last common archaeal ancestor: 
a hyperthermophile?

The abundance of hyperthermophiles in the archaeal
domain, together with the short branches of their
lineages in the SSU rRNA tree, suggested early on
that the LACA was a thermophile (Woese, 1987).
However, this argument was questioned on the
grounds that the high G+C content of hyperther-
mophilic rRNAs would reduce the available sequence
space. This idea is that this might thereby produce
short branches in phylogenetic trees, with homolo-
gous positions occupied by G or C bases being 
possibly due to convergence rather than common
ancestry (Woese et al., 1991). However, the hyper-
thermophilic nature of the LACA is now inde-
pendently supported by the early emergence of 
both hyperthermophilic Crenarchaeota and Eury-
archaeota in r-protein and RNA polymerase subunit
trees. One cannot completely exclude that a compo-
sitional amino acid bias artificially groups hyperther-

mophiles at the base of these protein trees as whole
proteome analyses have shown that proteins from
hyperthermophiles exhibit a clearly identified amino
acid bias (Suhre & Claverie, 2003). To confirm (or
not) the hyperthermophilic nature of the LACA, it
would also be essential to include in the analysis
several members of the presently uncultivated
Archaea that cluster between Crenarchaeota and
Euryarchaeota in the SSU rRNA tree.

The hyperthermophilic LACA hypothesis is also
supported by phylogenetic analysis of reverse gyrase,
the only protein specific to hyperthermophiles that
can be detected by comparative genomic analysis
(Forterre et al., 2000; Forterre, 2002). Reverse gyrase
is an atypical DNA topoisomerase that adds positive
supercoils to circular DNA in vitro. This enzyme is
formed by the fusion of a classical type I DNA topo-
isomerase and a large helicase domain. Although the
precise role of reverse gyrase in vivo is still unclear,
this enzyme is certainly essential for life at high tem-
perature. It is systematically present in all hyper-
thermophiles (Forterre, 2002) and a Thermococcus
kodakarensis reverse gyrase knock out mutant cannot
grow above 90°C (Atomi et al., 2004). Two lines of
evidence suggest that reverse gyrase first originated
in Archaea and was later transferred to Bacteria: (i)
bacterial reverse gyrases are interspersed within
archaeal ones in phylogenetic trees; and (ii) reverse
gyrase genes in bacterial genomes are sometimes sur-
rounded by genes of archaeal origin. Interestingly, 
a reverse gyrase tree containing only archaeal
sequences (Plate 2.3) can be superimposed with the
“ideal” archaeal tree of Plate 2.4, suggesting that the
LACA already contained this enzyme, and thus 
was a hyperthermophile. An alternative hypothesis
would be an origin in the Euryarchaeota or Crenar-
chaeota and a very early transfer between these
domains. In order to reach a definite conclusion it
will be essential to obtain additional reverse gyrase
sequences from hyperthermophiles branching very
deeply in the SSU rRNA tree and to be sure of the
rooting of the archaeal tree itself.

Nanoarchaeum equitans: a deep diverging
third archaeal phylum?

The discovery of Nanoarchaeum equitans is undoubt-
edly the most fascinating recent finding in archaeal
research (Huber et al., 2002, 2003). This tiny hyper-
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thermophile grows and divides at the surface of the
crenarchaeal Ignicoccus species. It holds the record of
the smallest known living cell (with a volume size
equal to 1/100 of E. coli) and of the smallest known
cellular genome (490Mb) (Waters et al., 2003). Its
genome has in fact lost one-third of the core genes
present in all other archaeal genomes (Makarova &
Koonin, 2005). As a final exciting touch, N. equitans
turned out to display a very divergent SSU rRNA
sequence, with many base changes even in the so-
called “highly conserved regions” that are usually
employed as primer targets for SSU rDNA PCR
(Huber et al., 2002). Huber and coworkers thus pro-
posed a new archaeal phylum, the Nanoarchaeota
(Huber et al., 2002). This proposal was rapidly
accepted and apparently confirmed by the position
of N. equitans in an archaeal rooted tree of concate-
nated r-proteins (Waters et al., 2003). As a conse-
quence, idiosyncrasies observed in the genome of N.
equitans, such as the presence of split reverse gyrase
and tRNA genes, were interpreted as possible ancient
traits (Waters et al., 2003; Randau et al., 2005).

N. equitans appears as a separate branch, distinct
from those leading to Crenarchaeota and Eury-
archaeota, in our recent unrooted trees based on r-
protein and RNA polymerase subunits (Plate 2.1a, b;
see also Brochier et al., 2005a). Nevertheless, a
recent analysis showed that this position may be
biased by an LBA artifact due to the high rate of evo-
lution of its informational proteins, possibly triggered
by adaptation to its symbiont lifestyle (Brochier et al.,
2005a). Indeed, the phylogenetic analysis of a subset
of r-proteins indicated, albeit with weak support, 
the grouping of Nanoarchaeum with Thermococcales
(Brochier et al., 2005a). Intriguingly, additional
crucial informational proteins (elongation factors
EF1α and EF2, DNA topoisomerase VI, reverse
gyrase, and tyrosyl-tRNA synthetase) seem to
support this specific affiliation since they all show the
grouping of N. equitans with Thermococcales
(Moreira et al., 2004; Brochier et al., 2005b). In par-
ticular, the phylogenetic position of N. equitans in the
reverse gyrase phylogenetic tree presently suggests
that the encoding of its helicase and topoisomerase
domains by two independent genes is not a primi-
tive feature, but is due to a secondary split in the
nanoarchaeal lineage (except if the root of the
archaeal tree is located in the nanoarchaeal branch).

The branching of several N. equitans r-proteins
within Crenarchaeota suggests their acquisition by

HGT from the Ignicoccus host, whereas the branching
of the remaining r-proteins within Euryarchaeota
(the great majority) suggests that N. equitans itself
could be a very divergent euryarchaeal lineage. If this
is the case, the ribosome of N. equitans may exhibit
an unusual evolutionary plasticity, being composed
of a mixture of r-proteins derived by vertical descent
from the unknown free-living euryarchaeote ances-
tor of Nanoarchaea and by HGT from the Ignicoccus
host (Brochier et al., 2005b). In our opinion, the
most likely interpretation of these data is that N. equi-
tans belongs to the Euryarchaeota (as suggested by
the majority of individual r-proteins trees), but is
attracted towards Crenarchaeota in the whole 
ribosomal tree by a combination of LBA and HGT.
We thus think that Nanoarchaea are bona fide 
Euryarchaeota that may be distant relatives of
modern Thermococcales. Although the long branch
of Nanoarchaea indicates a rapid evolution due to
profound modifications in its translation apparatus,
this divergence and the establishment of Nanoar-
chaea as symbionts of Ignicoccus species are probably
ancient, as indicated by the lack of evidence of
ongoing reduction in the genome of N. equitans
(Waters et al., 2003), the wide environmental distri-
bution of Nanoarchaea, and their recent discovery in
symbiosis with other Crenarchaeota (K. Stetter, per-
sonal communication).

The various steps that surround the discovery of
the phylogenetic relationships of M. kandleri and 
N. equitans show the power of phylogenomics
approaches when they are carefully performed. In
general, no outgroup should be used, and place-
ments suspected to be artifactual (displaying long
branches or instability) should be investigated
further. Plate 2.4 shows what we think is the best
possible tree of the archaeal domain that can be
presently drawn from the convergence of the ribo-
somal and the RNA polymerase trees and from the
critical analyses of the placements of M. kandleri and
N. equitans. It should not be considered as definitive,
since some hidden compositional bias (see below) or
LBA artifacts may still affect both ribosomal and RNA
polymerase trees in a similar way. The analysis of the
genomes of Ignicoccus, of a recently isolated Kory-
archaeon, and of Crenarchaeum symbiosum (all cur-
rently under way) should rapidly give new important
data, in particular to confirm or not our present
interpretation of the phylogenetic position of
Nanoarchaea. As additional genomes are completed,
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the data needed to break remaining long branches
and improve the detection of HGT will become avail-
able. In the end, the current tree will be either con-
firmed or subject to further refinement.

The role of horizontal gene transfer 
in archaeal history

HGT between Archaea and bacteria

The importance of HGT in microbial evolution has
been heavily debated in recent years. Whereas some
authors have argued that HGT is so frequent that tree
building is a futile exercise (Doolittle, 1999), others
have argued that HGT is overestimated, and that
most puzzling phylogenetic patterns usually attrib-
uted to HGT are due to hidden paralogy (Glansdorff,
2000) or weak phylogenetic signal. We have seen
that a core of informational genes can be used to
infer proper phylogeny in the case of Archaea, and
that even operational genes (i.e. those involved in
methanogenesis) can be refractory to HGT. However,
as indicated by whole genome trees and other global
analyses, HGT from Bacteria to Archaea have clearly
occurred at a relatively large scale and have greatly
influenced the history of the archaeal domain. In a
recent analysis, Wiezer and Merkl (2005) concluded
that the flux of HGT occurred nearly unidirectionally
from Bacteria to mesophilic or moderate ther-
mophilic Archaea, whereas it was approximately 
balanced between hyperthermophilic Archaea and
Bacteria. HGT from mesophilic Bacteria to Archaea
have allowed an important expansion of the meta-
bolic repertoire in the archaeal domain. A well 
documented case is the bacterial origin of several
enzymatic steps that allow mesophilic methanogens
to use a variety of organic substrates instead of CO2

for methanogenesis. Other phenotypic traits that
were possibly introduced into Archaea by HGT from
Bacteria are aerobic respiration, photosynthesis
based on bacteriorhodopsin, and ammonium oxida-
tion. Similarly to methanogenesis, these capabilities
occurred late in the history of the archaeal domain.
The proteins involved in these processes seem to be
more widely distributed in Bacteria than in Archaea.
Unfortunately, there are presently no updated phy-
logenetic analyses clarifying these points. However,
some proteins involved in aerobic respiration in

Haloarchaeales are clearly of bacterial origin
(Kennedy et al., 2001). HGT from mesophilic Bacte-
ria to Archaea might have played an important role
in the adaptation of some Archaea to cold environ-
ments. For instance, several genes branching within
mesophilic Bacteria have been detected in genome
fragments of uncultivated marine Crenarchaea
(Lopez-Garcia et al., 2004). Similarly, as we have
previously seen in the case of reverse gyrase, Bacte-
ria probably also recruited some archaeal genes for
adaptation to hot environments. A priori, the selec-
tion pressure for the fixation of horizontally acquired
genes in the course of the adaptation to new envi-
ronments could have affected all genes, including
informational ones. However, with a few exceptions,
successful HGT between Archaea and Bacteria has
only involved operational proteins. For instance,
there is not a single well documented case of acqui-
sition by Archaea of r-proteins or RNA polymerase
subunits from the two other domains (Brochier et al.,
2004). This clearly indicates that it was much easier
for Archaea and Bacteria to adapt their own infor-
mational proteins to function at different tempera-
tures than to replace them by proteins from the other
domain.

HGT involving informational genes

A few HGT of informational proteins between
domains might have had an important impact on
archaeal history. For example, a bacterial gene
coding for DNA gyrase was acquired by Archaeo-
globales, Haloarchaeales, Thermoplasmatales,
Methanosarcinales, and Methanobacteriales (Gadelle
et al., 2003). At first sight, this distribution would
suggest that acquisition of DNA gyrase occurred only
once, just before the divergence of the ancestor of all
these Archaea from other Euryarchaeota. However,
phylogenetic analyses favor instead multiple inde-
pendent transfers from Bacteria to Archaea (Gadelle
et al., 2003). The presence of DNA gyrase has 
drastically changed the topological state of the 
intracellular DNA in these Archaea. Whereas all
other Archaea (with or without reverse gyrase) have
relaxed or slightly positively supercoiled DNA (Char-
bonnier & Forterre, 1994), those with DNA gyrase
have negatively supercoiled DNA, otherwise typical
of Bacteria (Sioud et al., 1987b; Lopez-Garcia et al.,
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2000). Haloarchaeales have become dependent on
DNA gyrase and their growth is inhibited by specific
DNA gyrase inhibitors, such as novobiocin (Sioud 
et al., 1987a, b). Similarly, Thermoplasmatales have
lost their original archaeal type II DNA topoiso-
merase (Topo VI) (Gadelle et al., 2003) and eukary-
otic-like histone, typical of Euryarchaeota, which has
been replaced by a homologue of the HU type bac-
terial DNA-binding protein. One can wonder how
these organisms may have completely restructured
all their protein–DNA interactions after such “infor-
mational” HGT.

HGT within Archaea

Although they are more difficult to detect than those
between Archaea and Bacteria, transfers between
archaeal lineages have likely been more frequent
than between domains, as indicated by the fact that
a few HGT events were identified for r-proteins and
RNA polymerase subunits (Matte-Tailliez et al., 2002;
Brochier et al., 2004). Although HGT events are
easier to detect between Euryarchaeota and Crenar-
chaeota, a few cases were identified between differ-
ent euryarchaeal lineages. For example, in the course
of their phylogenetic analysis of archaeal RNA poly-
merase subunits, Brochier and colleagues noticed
that the H subunit of M. kandleri RNA polymerase has
been replaced by its orthologue from a relative of
Thermoplasmatales (Brochier et al., 2004). Dirug-
giero and coworkers identified the recent transfer of
a 16kb region containing an ABC transporter system
for maltose between Pyrococcus furiosus and Thermo-
coccus litoralis (Diruggiero et al., 2000). Again, a major
selection pressure for intra-domain HGT was proba-
bly the adaptation to novel environments. It has
been suggested in particular that this explains the
high number of euryarchaeal-like genes in recently
analyzed contigs of marine Crenarchaeota (Lopez-
Garcia et al., 2004). If this hypothesis were true, it
would suggest that the adaptation of some Crenar-
chaeota to mesophily occurred after that of 
Euryarchaeota.

HGT seem to have been especially prevalent
between the two thermoacidophilic lineages: Ther-
moplasmatales and Sulfolobales (Ruepp et al., 2000;
Futterer et al., 2004; Ciaramella et al., 2005). It was
possible to identify a core of 690 genes common to

Picrophilus oshimae and Thermoplasma acidophilum,
two Thermoplasmatales (Euryarchaeota), and Sul-
folobus solfataricus, a Sulfolobale, as well as 471 
genes present in one of the two Thermoplasmatales
and S. solfataricus (Futterer et al., 2004). For in-
stance, the euryarchaeon Picrophilus oshimae shares 
only 35% of its genes with Pyrococcales (members
of the Euryarchaeota), but 58% with the crenar-
chaeon S. solfataricus (Futterer et al., 2004). This 
suggests that a significant flux of HGT occurred
between Thermoplasmatales and Sulfolobales. In 
this particular case, ecological closeness apparently
overrode phylogenetic relatedness (Futterer et al.,
2004).

It was initially proposed that HGT from Sulfolob-
ales to Thermoplasmatales was more likely because
of the absence of a cell wall in T. acidophilum (Ruepp
et al., 2000). However, the same trend is also
observed in Picrophilus, a wall-containing Thermo-
plasmatale. Moreover, 13% of the proteins shared by
P. oshimae and S. solfataricus are absent in T. aci-
dophilum, indicating either recent transfers from Sul-
folobales to Picrophilus (reviewed in Ciaramella et al.,
2005) or recent losses in T. acidophilum. Such evi-
dence for important HGT provides a nice explanation
of the attraction of Thermoplasmatales towards 
Crenarchaeota in many whole genome trees. One
explanation for the observed HGT trends among
thermoacidophilic Archaea is that Thermoplas-
matales populated acidic hot springs after Sulfolob-
ales were already established in these particular
environments and adapted to their new living style
by acquiring genes from Sulfolobales. This fits with
the idea that Thermoplasmatales originated from
some methanogenic lineages relatively late in the
history of Euryarchaeota.

The origin of Archaea and 
their relationships with Bacteria 

and Eukarya

The position of Archaea in 
the universal tree of life

As discussed herein, the three-domains concept
based on SSU rRNA trees has been validated by com-
parative genomics. The vast majority of genes in
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archaeal genomes have their most closely related
homologues in other archaeal genomes, rather 
than bacterial or eukaryotic ones. The rule is that 
all archaeal housekeeping proteins (especially 
informational ones) cluster together in phylogenetic
trees, away from bacterial and eukaryal homologues,
when these exist. Hence, they correspond to 
archaeal versions (sensu Woese), and the same is true
for most informational bacterial and eukaryotic 
proteins.

Although the three-domains concept is generally
accepted, there remains no consensus about the
mechanism that led to the formation of the three
domains and about their evolutionary relationships.
The universal rooted trees that were published
between the end of the 1980s and the mid-1990s all
converged on what has become the classical model
for the evolutionary relationships between domains.
In this model, Bacteria derived directly from the
LUCA while Archaea and Eukarya shared a common
ancestor more recent than the LUCA. According to
this model, the similarities between the informa-
tional mechanisms of Archaea and Eukaryotes are
considered as derived features that appeared in a
lineage ancestral to these two domains. However, it
should be remembered that archaeal/eukaryal fea-
tures could also be a priori primitive traits that were
lost or modified in Bacteria, if these are a very
derived lineage. In a second model, which is increas-
ingly popular, Archaea and Bacteria are both thought
to have derived directly from the LUCA and two of
their members later fused to produce the eukaryotic
lineage (for a review see Lopez-Garcia & Moreira,
1999). These fusion models are designed to explain
the chimeric nature of eukaryotes, where many
informational proteins are archaeal-like, while mem-
brane lipids and many operational proteins are bac-
terial-like. In a third model, proposed by
Cavalier-Smith, the LUCA was a bacterium and both
Archaea and Eukarya derived from a particular
lineage of Gram-positive Bacteria (Cavalier-Smith,
2002).

Specific objections can be made against the second
and third models. For instance, there is no current
molecular evidence that the archaeal-like proteins of
eukaryotes are specifically related to a particular
archaeal lineage, as fusion models predict. Similarly,
the presence of bacterial-like operational proteins in
Eukarya, emphasized by chimeric models, can be
easily explained by the massive transfer of bacterial

genes to the eukaryotic nucleus that occurred at the
onset of mitochondrial evolution. Finally, a special
affinity between Archaea and Gram-positive Bacte-
ria postulated in the third model has not been
observed in any phylogenetic data and not even at
the whole genome level. The few cases of archaeal
proteins of Gram-positive affinity originally reported
in the literature are likely due to HGT (Gribaldo 
et al., 1999). On a more general ground, Carl Woese
has similarly argued strongly against these two
models by pointing out that “modern cells are fully
evolved entities which are sufficiently complex, inte-
grated and individualized that further major change
in their design does not appear possible” (Woese,
2002).

How did the three domains originate?

In order to discuss the relative pertinence of these
various models at a more general level, it should be
recalled that the three-domain concept was pri-
marily based on the existence of three different 
“versions” (sensu Woese) of rRNA and r-proteins. As
recently stated by Woese, “Why canonical patterns
exist is a major unanswered question,” and this is
one of the reasons why several models are still in
competition to explain the origin of the domains. To
explain these three canonical patterns, it has been
suggested that three “dramatic evolutionary events”
(Forterre & Philippe, 1999) or “major qualitative
evolutionary changes” (Woese, 2000) triggered a
drastic modification in the rate of protein evolution
(either a reduction or an acceleration) in the lineages
leading to modern domains, prior to their diversifi-
cation. Woese suggested that “the rate of protein
evolution was higher in the timeframe between the
LUCA and the last common ancestor of each domain,
than it is today. As a consequence, subsequent
protein evolution occurring at slower rate after the
formation of the three domains was unable to erase
the signatures of previous divergent evolution that
occurred during the fast-track period.” The idea that
proteins were fast evolving at the time of the LUCA
has its root in Woese’s conception of the LUCA as a
progenote, a primitive organism whose mechanisms
for protein synthesis and genome replication were
both still error-prone (Woese & Fox, 1977a). Woese
and Fox even suggested that the progenote still had
an RNA genome and predicted in 1977 that DNA
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replication proteins should be different (non-
homologous) in Bacteria and Eukarya. This 
prediction was confirmed twenty years later by 
comparative genomics data (Olsen & Woese, 1996).
This led to the suggestion that DNA replication was
independently invented twice: once in Bacteria and
once in a lineage leading to Archaea and Eukarya
(Mushegian & Koonin, 1996). In this model Archaea
and Eukarya originated from an ancestor with a DNA
genome, whereas Bacteria derived directly from a
LUCA with an RNA genome (Leipe et al., 1999).
Since DNA genomes can be replicated more faithfully
than RNA genomes, the transformation from an
RNA LUCA to modern DNA cells would have been
immediately followed by a drastic drop in the evolu-
tionary tempo of protein evolution. This could a
priori explain the formation of canonical versions
very different between Bacteria on one side and
Archaea/Eukarya on the other.

A role for viruses?

Recently, it has been suggested that each of the three
cellular domains originated from the “fusion” of
three different RNA cells with DNA viruses (Forterre,
2005). This model, called the three viruses three
domains theory, explains the existence of three
domain-specific versions of r-proteins, since these
would have come from three separate RNA-cell lin-
eages where fast evolution had produced the three
canonical ribosome versions. By chance alone, two
of these RNA cell lineages would have been 
more similar and fused with similar viruses, and
these would have given rise to Archaea and Eukarya.
The differences between the DNA replication
machineries in present-day Archaea and Eukarya
would reflect those between the two founder viruses.
These differences include the absence of archaeal
DNA polymerase D family in Eukarya and the
absence of eukaryotic-like DNA topoisomerases 
IB and IIA in Archaea. Finally, this new theory can
also explain the phylogenies of RNA and DNA 
polymerases where eukaryotic versions appear to
stem from different viral lineages (Filee et al., 2002;
Raoult et al., 2004), although it is presently unclear
whether this reflects true relationships or artifacts of
tree reconstruction caused by the high evolutionary
rates of viral sequences (Moreira & Lopez-Garcia,
2005).

How can we polarize archaeal traits?

It remains to be determined whether the numerous
common characters shared by Archaea and Eukarya
informational machineries were already present in
the LUCA or appeared after the separation of Bacte-
ria from a lineage common to Archaea and Eukarya.
The same question can be asked for the few (but
important) characters shared by Archaea and Bacte-
ria, such as conserved order in RNA polymerase and
r-protein operons, the similar genomic structure and
mode of genome evolution, or else the use of
Shine–Dalgarno sequences for the initiation of trans-
lation (Londei, 2005). Some of these features could
be due to convergent evolution but others could be
relics of the LUCA or a common ancestor of Archaea
and Bacteria. These questions could be partly solved
by rooting the universal tree of life, although it is not
clear that this is possible (Bapteste & Brochier, 2004).
Initial attempts that rooted the tree in the bacterial
branch have been criticized on methodological
grounds (Forterre & Philippe, 1999; Lopez et al.,
1999; Poole et al., 1999). Several authors have even
suggested a root in the eukaryotic branch, based
either on the analysis of slowly evolving positions in
paralogous proteins that diverged before the LUCA
(Brinkmann & Philippe, 1999; Lopez et al., 1999) or
on cladistic analyses of rRNA structure or protein
folds (Caetano-Anolles & Caetano-Anolles, 2003,
2005). A novel approach to the problem may be
required. One possibility might be to try polarizing
the evolution of the different molecular machineries
by using all structural and mechanistic information
available to test the credibility of opposite evolution-
ary scenarios.

Conclusion and prospects

It is fascinating that, only thirty years after their for-
tuitous discovery, we are already able to unravel
much of the history of Archaea. All available evi-
dence confirms the distinctive nature of the third
domain of life. Nevertheless, the origin of the simi-
larities between Archaea and Eukarya remains one
of the most fascinating issues in evolution. The
analysis of complete genomes has made it possible to
highlight a coherent gene complement for the
Archaea. The data have also provided insight into the
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flux of HGT between Archaea and Bacteria and the
role of HGT in the evolutionary history of the two
prokaryotic domains. Genomic data have also pro-
vided the basis for a rather exhaustive reconstruction
of the archaeal tree.

A core of suitable genes has provided a phyloge-
netic signal that converges on a single evolutionary
scenario that may be taken as the best current picture
of archaeal history. The archaeal ancestor was prob-
ably an organism adapted to survive in hyperther-
mophilic environments, a capacity that was later
passed on to a few Bacteria. The future placement of
cold-adapted Crenarchaeota and additional species
belonging to basal branching lineages in the archaeal
tree will provide a significant test of this hypothesis.
Methanogenesis also appeared in Archaea and fol-
lowed a unique and mainly vertical evolutionary
history – with an astonishing absence of transfer
within Archaea and to Bacteria – and subsequent
repeated losses. This, and other evidence, renders
open the possibility that, despite the non-basal emer-
gence of present-day methanogens in the archaeal
tree, the archaeal ancestor may have been able to
perform methanogenesis. This will be highly relevant
to discussions on the nature of early Earth biota,
when a consensus on the interpretation of fossil evi-
dence will permit us to confidently place these events
in geological time.

The assignment of Nanoarchaeota to a third
archaeal phylum may be premature, since phyloge-
netic and genomic evidence points to Nanoarchaea
as a fast-evolving euryarchaeal lineage. A more com-
plete knowledge of nanoarchaeal diversity and the
sequencing of new genomes as well as that of their
hosts will likely allow confirmation of the phyloge-
netic affiliation of this extremely interesting lineage.
Similarly, will Korarchaeota stand the test of time
when genomic data will be available? Indeed, it may
be that the Crenarchaeota/Euryarchaeota divide will
be shown to be a crucial and very ancient point 
in archaeal history. The evolutionary differences
between these two phyla appear far more profound
than those observed between any of the 23 currently
recognized bacterial phyla. This may be linked to our
ability to retrace the divergence between the differ-
ent archaeal lineages in a more robust way than is
possible for the Bacteria. It may be that the first steps
in archaeal evolution were not accompanied by the
rapid radiation seen in their prokaryotic cousins.
Alternatively, this apparent ancient divergence may
simply reflect an incomplete sampling of true
archaeal diversity. Future environmental studies will
provide precious insights into this issue. In any case,
whatever the answers ultimately are, the Archaea
will remain an essential key to biological research
and an invaluable tool to look back into our past.
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Introduction

One problem Darwin claimed to have solved for biologists was how to understand the patterns of similarity
and difference between organisms that allowed systematists to classify species hierarchically, in “groups sub-
ordinate to groups.” On this topic he wrote:

The affinities of all the beings of the same class have sometimes been represented by a great tree. I believe this simile largely speaks
the truth. The green and budding twigs may represent existing species; and those produced during each former year may represent
the long succession of extinct species. At each period of growth all the growing twigs have tried to branch out on all sides, and to
overtop and kill the surrounding twigs and branches, in the same manner as species and groups of species have tried to overmas-
ter other species in the great battle for life. The limbs divided into great branches, and these into lesser and lesser branches, were
themselves once, when the tree was small, budding twigs; and this connexion of the former and present buds by ramifying branches
may well represent the classification of all extinct and living species in groups subordinate to groups. Of the many twigs 
which flourished when the tree was a mere bush, only two or three, now grown into great branches, yet survive and bear all the
other branches; so with the species which lived during long-past geological periods, very few now have living and modified descen-
dants. (Darwin, 1859, p. 171)

Thus in Darwin’s view it was a real branching process, a historical succession of speciation events, that made
it possible to represent relationships between living species as a tree, and that must be reconstructed by any
classification claiming to be natural. Molecular phylogeneticists have, by and large, taken this “great tree”
simile as truth, and considered it their task to recreate that succession of branching speciations as a single,
universal, Tree of Life. Seldom have they considered it a hypothesis to be tested – which is precisely what we
propose in concluding this chapter.

The division of the living world into three domains (Woese & Fox, 1977b) was the crowning achievement
of the first decade of molecular phylogenetic inquiry, and coincidentally a fulfillment of Darwin’s conjecture
that “of the many twigs which flourished when the tree was a mere bush, only two or three, now grown
into great branches, yet survive and bear all the other branches.” In Chapter 2 of this volume, Forterre et al.
summarize molecular phylogenetic and comparative genomic data that support Woese’s three-domain view
of life, and, it would seem, justify Darwin’s belief in the truth of the tree simile. They present statistically
robust trees for Archaea based on concatenations of translational or transcriptional component genes, which
are, with one notable exception, fully congruent. They also show how by searching for traits that are shared
or not shared between twigs now at the end of the great branches we call Bacteria, Archaea, and Eukarya,
we might learn something about the root of the original bush – the last universal common ancestor, or LUCA.

Yet just a few years ago, Woese (2002), musing on the meaning of lateral gene transfer (LGT) for the uni-
versal tree, called this triumph of the Darwinian paradigm into question. He wrote:

3
The root of the tree: lateral gene transfer 

and the nature of the domains

David A. Walsh, Mary Ellen Boudreau, Eric 
Bapteste and W. Ford Doolittle
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although organisms do have a genealogy-defining core of genes whose common history dates back to the root of the universal tree,
that core is very small. Our classically motivated notion had been that the genealogy of an organism is reflected in the common
history of the majority of its genes. What does it mean, then, to speak of an organismal genealogy when nearly all of the genes in
the cell – genes that give it its general character – do not share a common history? This question again goes beyond the classical
Darwinian context.

Woese was referring to the growing evidence from genome sequencing that an unexpectedly large fraction
of many bacterial and archaeal genomes have been introduced by LGT and indeed do have different histo-
ries. At the level of genes (to which Darwin of course lacked any access), evolution is not just a process of
branching (lineage splitting). Here we ask, in the context of Archaea, how and what we know about the
common history of genes and what indeed it might mean to speak of an organismal genealogy, and particu-
larly of LUCA.

equitans (Waters et al., 2003). But a surprising
40–50% of the haloarchaeal and methanogen genes
for which we can draw a tentative conclusion 
have been transferred across the Bacterial/Archaeal
domain boundary. Clearly there is a genome size
effect here, not unexpected (Fig. 3.2a). One way for
genomes to get bigger is to import genes, and if the
source can be either bacterial or archaeal, it must
follow that larger archaeal genomes will have pro-
portionately more “bacterial genes” – if at their cores
there is a conserved cadre of Archaea-defining tran-
scriptional and translational determinants.

Does Fig. 3.1 bespeak a lot of LGT or only a little?
There are many reasons why this analysis, and
indeed any attempt to ask “how many transferred
genes are there in genome X?” is biased, incomplete,
and ambiguous from the start. In the direction of
overestimating the impact of LGT, we must recog-
nize: (i) that BLAST is a poor way to do phylogeny
(Koski & Golding, 2001); (ii) that an archaeal gene
can match a bacterial one because the latter is a
recent transfer from, rather than to, the archaeal
lineage; and (iii) that because there are more bacte-
rial than archaeal genomes to query, genes that are
rare and patchily distributed among Bacteria and
Archaea are more likely to find bacterial best
matches. As Fig. 3.2(b) shows, when we sample
random collections of one-tenth of the bacterial
genomes (thus roughly as many as all archaeal
genomes), the fraction of apparent “bacterial genes”
in these Archaea indeed does fall, by about 40%.

In the direction of underestimation: (i) BLAST can
as easily produce false negatives as false positives; (ii)
transfers from bacteria which are ORFans among
sequenced genomes will be missed; and (iii) deep
transfers will be missed. This last is a serious and pos-
sibly unavoidable cause of underestimation. If tested

How many genes in archaeal genomes
have been transferred?

One approach to assessing the impact of LGT on any
genome is to look for genes that by their patterns of
sequence similarity “don’t belong,” having closer
matches to genes in genomes of seemingly distant
taxa than to genes in genomes of close relatives.
Many authors have used BLAST-based methods to
assess the contribution of LGT from bacteria to the
structure of archaeal genomes (for instance, Ng et al.,
2000; Koonin et al., 2001; Deppenmeier et al., 2002;
Ragan & Charlebois, 2002). Figure 3.1 provides an
updated version of such an analysis with currently
available archaeal genomes and the “competitive
matching” tool developed by R. L. Charlebois
(Gophna et al., 2004), which serves specifically to
facilitate the detection of LGT. All ORFs of a test
genome are reported that match any ORF from a
member of one group of genomes (here all bacterial
genomes) better than any ORF from a member of a
second set of genomes (here all archaeal genomes)
by some previously determined difference in nor-
malized BLAST scores. Similarly we estimate the pro-
portion of archaeal genes inherited in a “vertical”
manner (by descent) or by transfer from an archaeal
genome. From 38 to 70% of the genes in archaeal
genomes can be categorized as one or the other in
this way. The rest have no acceptable match to any
other genome (our expectation value was e−10), or a
normalized BLAST score difference of less than 0.05
between groups.

For the majority of archaeal genomes, the genes
analysed are more similar to other archaeal genes
than to bacterial genes, with the most “archaeal”
being the tiny (552 genes) genome of Nanoarchaeum
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archaeal genome X has a closely related genome Y
included in the analysis, then transfers from bacteria
to their common ancestor that have been retained 
in both will be missed. In preparing Fig. 3.1, we 
have partially compensated for this by excluding
Haloarcula marismortui when assessing transfers into
Halobacterium salinarum (sp. NRC-1), and vice versa,
excluding all other Sulfobus genomes in assessing 
S. solfataricus, excluding two of the three Thermo-
plasmatales (Picrophilus torridus, Thermoplasma acdio-
philum, and T. volcanium) when analyzing any one,
and similarly two of the three Methanosarcina (mazei,
barkeri, and acetivorans) when examining the third.
But this is only a partial correction. With reference
to the archaeal tree presented as Plate 2.2 in Chapter
2 of this volume, we would in our analysis of Haloar-
chaea (for instance) have missed any bacterial trans-

fers now resident in a haloarchaeal genome that
were deposited there prior to their divergence from
Methanosarcinales, or before the joint divergence 
of halophiles and Methanosarcinales from the
Archaeoglobales, or of all these from the Thermo-
plasmatales, and so forth all the way back to the
Crenarchael/Euryarchaeal divergence. All such
transferred genes should be part of any counting of
“bacterial genes” in an archaeal genome, but the
more archaeal genomes we exclude, the less dis-
criminating the analysis becomes, because of the
patchiness of distribution of many genes, and the
vagaries of BLAST scores.

This conundrum underlies any comparative
whole genome analysis, we believe, and there is still
another enormous difficulty. Although transfers
from distant taxa are most likely to be detected by 

N. e
qu

ita
ns

M
. k

an
dle

ri

A. p
er

nix

P. 
ae

ro
ph

ilu
m

M
. ja

nn
as

ch
ii

M
. t

he
rm

oa
ut

ot
ro

ph
icu

s

M
. m

ar
ipa

lud
is

S. s
olf

at
ar

icu
s

A. f
ulg

idu
s

P. 
to

rri
du

s

T. 
ac

ido
ph

ilu
m

T. 
ko

da
ka

ra
en

sis

P. 
fu

rio
su

s

T. 
vo

lca
niu

m

M
. m

az
ei

H. s
ali

na
ru

m

M
. b

ar
ke

ri

M
. a

ce
tiv

or
an

s

H. m
ar

ism
or

tu
i

Bacterial genes
Archaeal genes

100

80

60

40

20

%
 o

f g
en

es

Fig. 3.1 The bacterial gene content of archaeal genomes as reported by “competitive matching” analysis.
Competitive matching has been developed specifically to facilitate the detection of LGT (Gophna et al., 2004)
where all the ORFs of a genome are reported that match any ORF from a member of one group of genomes
(group I) better than any ORF from a member of a second set of genomes (group II) by some previously
determined normalized blast score units. In this case, we estimate the number of potential bacterial genes by
setting group I to all Bacteria and group II to all Archaea excluding the query genome. Contrastingly, the
proportion of archaeal genes, assumed to have been inherited in a vertical manner or by transfer from an
archaeal genome, can be estimated by inverting the identity of group I and group II to Archaea (excluding query
genome) and Bacteria, respectively. For reasons described in the text, we removed close relatives from the
analysis to improve the recovery of potentially transferred genes into the ancestor of established archaeal groups.
Bars correspond to the percentage of genes for which we have made a decision on potential origin. Numbers
above bars correspond to the percentage of genes in the respective genome for which a decision was made.
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such crude BLAST-based (or indeed any compara-
tive) methods, transfers from more closely related
taxa are more likely to occur, for a host of reasons.
Recombination (orthologous replacement) is more
frequent between more similar sequences, expres-
sion systems will be more compatible, agents of
exchange (phages and conjugation systems) can be
taxon-specific, and imported genes are more likely to

integrate with recipient physiology. Only transfers
from bacteria were assessed in Fig. 3.1. So whether
we take this figure as evidence for a lot of trans-
fer (our attention fixed on Haloarchaea and
Methanosarcina) or just a little (focusing on N. equi-
tans and others with small genomes), we are certain
to be seriously underestimating genes in archaeal
genomes that have arrived there by LGT – from any
source – rather than by continuous vertical descent
since the days of LUCA.

How many genes in Archaea have not
been transferred?

Another way to assess LGT addresses genes, not the
genomes in which they reside, and asks to what
extent their phylogenies are congruent. There have
been a number of exercises of this sort published in
the literature, involving taxa as shallow as strains of
Escherichia coli and other enteric Bacteria (Daubin 
et al., 2003) or as deep as all Bacteria, all Archaea or
all life (Teichman and Michison, 1999; Creevey et al.,
2004; Beiko et al., 2005), and focusing on the core
of presumably orthologous genes shared by all the
members of such taxa (thousands for strains of E. coli,
fewer than 100 for all life; Daubin et al., 2003;
Charlebois and Doolittle, 2004). Often the result,
even at moderate depth, is that many genes shared
between the species examined have weak phyloge-
netic signal, giving different but poorly supported
trees. A standard “remedy” is to assess the different
genes’ collective signal – for instance, by concate-
nating them and aligning as if a single enormous
gene, for phylogenetic treatment. Then each indi-
vidual gene is tested against the concatentate tree to
see if it can reject it by a statistical test such as the
SH test of Shimodaira and Hasegawa (1999) or the
AU test of Shimodaira (2002). Lerat et al. (2003), for
instance, performed such a study of 205 single-copy
orthologous genes shared by the genomes of 13 γ-
proteobacteria. They found that the tree of the con-
catenate was rejected at the 5% level by only two of
the 205 genes, and concluded that non-rejection by
the remaining 203 meant that “single-copy ortholo-
gous genes are resistant to horizontal transfer.” On
re-examination, however, we (Bapteste et al., 2004)
could show that more than half of these 203 genes
also failed to reject more than half of a collection 
of 105 trees for the 13 taxa, trees chosen to be 

(a)

(b)

Fig. 3.2 The bacterial gene content of archaeal
genomes as described in Figure 1 plotted against
genome size. (a) Group I included 213 bacterial
genomes. (b) Group I included a subsample of 23
bacterial species. Bacterial genomes were chosen to
reflect similar size of archaeal genomes as well as to
maximize the phylogenetic and metabolic diversity of
Bacteria. Values presented are the means of three
unique sets of bacterial genomes. Error bars
correspond to one standard deviation of the mean.
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biologically reasonable but differing at many nodes
from that of the concatenate. Failure of rejection is
not exclusive or unambiguous support of a tree. If a
single true tree is assumed, then making a tree of a
concatenate and assessing the support of individual
genes seems a good way to find it. But if the goal is
to prove that the individual genes in any core do
have the same tree, this is not enough. The fact that
more than one tree is not rejected when only one
can be true means that wrong trees escape rejection.
Hypothesis tests like those of Shimodaira and
Hasegawa are designed to give small probabilities
that a tree is rejected when it is the true tree. They
provide no control over the probability that a wrong
tree is not rejected (Bapteste et al., 2005b).

There are fewer genes shared among all Archaea
than among all γ-proteobacteria, and their signals are
weaker. Mostly these genes are “informational”
(involved with transcription or translation), indeed
mostly they encode ribosomal proteins. Over the past
few years, Forterre and coworkers (Matte-Taillez 
et al., 2002; Brochier et al., 2004, 2005a) have 
presented increasingly taxon-rich archaeal trees
based on concatenations of such translational/
transcriptional genes (see also Chapter 2 in this
volume). Although these trees are well resolved and
in agreement with much of what is believed about
archaeal relationships, they similarly do not prove
congruence of the genes concatenated – indeed 
some ribosomal proteins (eight of the 53 tested by
Matte-Taillez et al., 2002) revealed themselves to
have been involved in transfers. As for the rest,
although they do not reject the tree of the concate-
nate, they do not support it exclusively. Recently we
(Bapteste et al., 2005b) have described a new and
more sensitive way of testing and displaying con-
gruence (or lack of it) in such datasets of core genes.
We make two-dimensional grids, “heat maps” like
those now popular in presenting results of micro-
array-based studies of gene expression under varying
conditions. Each square in our grids, corresponding
to a particular gene and a particular topology, is
colored according to the p-value of the data (the
gene alignment) given the toplogy, and then the grid
is rearranged (double-clustered) to group genes with
similar patterns of support/rejection of topologies
along columns, and topologies with similar patterns
of support/rejection by genes along rows. The heat
map we obtained with the 44-gene (no LGT) dataset
of Matte-Taillez et al. (2002) is reproduced as Plate

3.1. We concluded in this case that at least 62 topolo-
gies were “supported” (not rejected) by at least some
of these genes, while among the best supported
topologies, none was supported by all the genes. This
is not to say that there is no signal among the genes
(some topologies are rejected by all), nor that signals
are all conflicting – indeed there appear to be “central
tendencies,” or clusters of related topologies favored
by many genes. But it is to say that even among the
44 pre-screened genes of the archaeal translational
core there likely has been some transfer, and that for
most of the 44 we simply cannot eliminate that pos-
sibility. The existence of a subset of phylogenetically
congruent genes is possible but not established. A
good term might be “not proven,” in the sense
defined at www.bbc.co.uk: “a verdict given in Scot-
tish Courts which establishes that the prosecution
have not provided enough substantial proof to
convict the individual of a crime, but that there
remains considerable doubt regarding the offender’s
innocence.”

Speaking of organismal genealogy

Proof would not be required if there were no logical
alternatives to the “classical Darwinian context.”
Darwin lacked a coherent theory of heredity, so that
defining the Darwinian context of molecular phylo-
genetics does involve some conceptual extrapolation.
In our extrapolation, we accept Woese’s assertion
that the “classically motivated notion had been that
the genealogy of an organism is reflected in the
common history of the majority of its genes.” We
contend further that the Darwinian context entails
the notion that organisms are variously similar (and
classifiable into groups subordinate to groups) pri-
marily because of the genes they share through
common vertical descent. In this perspective, there
are at least three non-classical alternatives:
• A “genealogy-defining core of genes.” This is prob-
ably the current consensus. It holds that a core of
genes, almost exclusively involved with transcription
and translation, has escaped transfer since the time of
LUCA, probably because their functions are so critical
and so highly co-evolved and interdependent 
that any heterologous substitution would be 
deleterious (the “complexity hypothesis”; Jain et al.,
1999). Because core genes have not been transferred,
they reliably track “organismal genealogy” 
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(Brochier et al., 2002; Matte-Taillez et al., 2002; Lerat
et al., 2003). For organisms that multiply by dividing,
this genealogy is simply a record of all the events of
cell division dating back to LUCA, sometimes thus
called the phylogeny of the cell or envelope. The core
of shared and potentially congruent genes is very
small. Most would admit that the majority of 
non-ORFan genes in any genome today have at least
one LGT in their history. Woese (2002) argues 
that phylogenetic reconstruction may still be 
biologically meaningful even for genes outside the
core as long as “transfer is basically confined to a
natural taxonomic grouping,” and he suggests 
that “tracing organismal genealogies is usefully
viewed as the tracing of hierarchically nested gene
pools.” That is, it is possible that phenotypically sig-
nificant resemblances between organisms that cause
us to classify them together reflect genes shared
through LGT within such “natural taxonomic group-
ings” rather than inherited through common vertical
descent (Gogarten et al., 2002). Such situations
surely lie outside the classical Darwinian context, as
this has been interpreted by molecular phylogeneti-
cists for much of the second half of the twentieth
century.
• The rope of life. In his public talks, Gary Olsen
(personal communication) has often used a piece of
rope as a model for the relationships between genes
and organismal genealogies. A rope has continuity
even if none of the strands making it up are contin-
uous. Thus all genes in a lineage of genomes might
have been introduced by LGT at some time since its
origin (one end of the rope), ultimately replacing res-
ident genes serving the same specific function (a step
in glycolysis via the Embden–Meyerhoff pathway) 
or the same general type of function (energy 
metabolism). In lineage splitting (speciation) events,
one imagines the strands themselves splitting, so that
such events could be traced by phylogenetic
methods, for some distance down in a clade of line-
ages. Some strands will of course be tougher and thus
longer than others (those corresponding to transla-
tional or transcriptional protein genes, for instance)
and can go deeper. But there is no guarantee, in this
model, that gene-based methods will ever take us to
the root of such a “tree of ropes.”
• The global population model. In its most radical
form, this view holds that Bacteria and Archaea com-
prise a single global species. Gene exchange between
its members makes this mega-entity formally analo-

gous to an animal species in terms of the forces and
processes driving and constraining within-species
cohesion and differentiation of populations. But the
mode (LGT versus homologous recombination) and
tempo (billions of years, not organismal generation
times) of gene exchange are of course very different.
Such a model was articulated almost 30 years ago by
Sorin Sonea and recalls nineteenth-century percep-
tions of bacteria as comprising but a single pleiomor-
phic assemblage (Sonea & Paniset, 1976). It does not
require that gene exchange be random with respect
to genes, physiology, or ecology, nor does it deny that
in the “short term” (which could be hundreds of mil-
lions of years) most genes are inherited “vertically.”
So the patterns of similarity by which bacterial
groups were defined in the pre-molecular era and
that are often re-created by various whole genome
tree methods are expected. Bacterial and archaeal
phyla are like “races” or subspecies or breeds of an
animal species. We can say something about the
recent evolution and genetic coherence of dachs-
hunds and dalmatians and perhaps even speculate
about what the canines kept by our Neolithic ances-
tors looked like, but cannot connect the former to
the latter except through the population genetics of
dogs as a species. With a population model (as with
the rope of life), there need be no expectation that
we can trace modern groups back billions of years
through the sequences of their genes, individually or
collectively. For sure there were prokaryotes fixing
nitrogen and carbon, making their livings by photo-
synthesis and methanogenesis, and enduring various
extreme conditions, a billion years ago. But there is
no reason to be confident of any simple genealogical
(tree-like) connection between such groups and
present-day taxa. Nor is there reason to suppose that
we can reconstruct from their properties anything 
like LUCA. Plate 3.2 is an attempt to represent 
these implications of a thoroughgoing population
model.

These models can be imagined to grade into each
other, and many might accept the compromise lan-
guage of Wolf et al. (2002):

the concept of the Tree of Life is bound to change in the
postgenomic world. It cannot anymore be thought of as a
definitive “species tree” (something that does not exist even
in reality) but only as a central trend in the rich patchwork
of evolutionary history, replete with gene loss and horizon-
tal transfer events.
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Still, the models differ from each other in degree, and
in kind (at least the last two) from our extrapolated
Darwinian context. One argument in favor of the
global population model – an argument that Darwin
himself might have entertained – is based on 
uniformitarian principles, which we take here simply
to be the presumption that “natural processes and
phenomena have always been and still are due to
causes or forces operating continuously and with
uniformity” (Shorter Oxford English Dictionary, 5th
edn). With this as a guide, we might assert that
although some genes are clearly less transferrable
than others, no gene – including those encoding
rRNA and protein components of the transcriptional
and translation machinery – is absolutely immune to
LGT. Thus there will inevitably come a time in the
future when (as in Plate 3.2) no gene in any genome
has derived from any gene present in the world
today by strictly vertical descent. Microbial taxa will
exist, no doubt with many of the capacities of today’s
microbiota, but packaged differently and with no
direct correspondence to divisions of the current
edition of Bergey’s Manual. Molecular phyogenteti-
cists of that remote future time will be unable to
reconstruct the microbial world of 2005 using
molecular phylogenetics.

How far in the future this point-of-no-looking-
back may be we don’t know, but it could be mere bil-
lions of years. How then can we be confident that
we in our era are not well past the point-of-no-
looking-back for the origins of life on Earth? Perhaps
our situation is that which James Hutton (1727–97),
the Scottish founder of geological uniformitarianism,
described in a paper to the Royal Society of Edin-
burgh in 1788:

We have now got to the end of our reasoning; we have no 
data further to conclude immediately from that which 
actually is: But we have got enough; we have the satisfac-
tion to find, that in nature there is wisdom, system, and 
consistency. For having, in the natural history of this 
earth, seen a succession of worlds, we may from this con-
clude that there is a system in nature; in like manner as,
from seeing revolutions of the planets, it is concluded, that
there is a system by which they are intended to continue
those revolutions. But if the succession of worlds is estab-
lished in the system of nature, it is in vain to look for any
thing higher in the origin of the earth. The result, therefore,
of our present enquiry is, that we find no vestige of a begin-
ning, no prospect of an end.

The LUCA

Although there have been many attempts to recon-
struct the LUCA as if it were a single cell living at
some particular time between 3.5 and 4 billion years
ago (Penny & Poole, 1999; Forterre, 2001; Chapter
2 in this volume), Woese and Fox maintained in
some of their earliest articulations of the three-
domain view that the LUCA was a heterogeneous
population of primitive entities exchanging genetic
determinants quite promiscuously. In 1981 Woese
wrote:

I would contend that the universal ancestor is not some
unique entity, but rather, is a universal ancestor state, and
reflects the nature of and relationships among progenotes,
not uniqueness of species. At the progenote stage, many 
of the processes we associate with extant life, e.g. various
biochemical pathways, are still coming in to being. This
may even be true of the cell itself, the cell as an entity. In
some sense, the world of progenotes may be more a world
of semi-autonomous subcellular entities that somehow
group to give “loose” (ill-defined) cellular forms. In other
words, the cell as defined by the subcellular interactions it
comprises may be a less specific, less integrated, more 
ill-defined, ephemeral entity at the progenote stage than it
later would be. At such a stage, it is easy to picture a ready
exchange, a flow, among subcellular enitites – be they called
genes, plasmids, viruses, selfish DNA, organelles or 
whatever. Were such genetic mixing to occur, then the
progenote stage could give the appearance of being a uni-
versal ancestor.

Recently, Woese (2002) described the transition 
from this primitive state of “genetic communion” to
modern cellular life in terms of crossing a “Dar-
wininian threshold,” as “a critical point . . . where a
more integrated cellular organization emerges, and
vertically generated novelty can and does assume
greater importance.” Bacteria and Archaea crossed
this threshold independently (Bacteria first) and so
some of the striking differences between them, espe-
cially in their informational machinery, represent
independently achieved solutions to problems of
efficiency and accuracy of form and function not yet
solved in the universal ancestral state.

Two ideas, central to Woese’s theory from the
beginning, distinguish it from the uniformitarian
population model sketched above. First, LGT –
however important it may be today – was even more
the predominant driving force in evolution prior to
the divergence of Bacteria and Archaea. This may not
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be a crucial theoretical distinction: uniformitarians
cannot sensibly imagine that microbial evolution has
always had its current tempo and mode, only that it
has had them as far back as we can know. Second,
Bacteria and Archaea diverged from an ancestral
state that was primitive, so that differences between
them, particularly those involving the more funda-
mental and less exchangeable machinery of gene
expression, can be seen as separately achieved
improvements on a primitive condition. This is a
crucial distinction, because here we might have a
“vestige of a beginning” (at least of modern cellular

life), a way to root the universal tree through polar-
ization of traits, and a justification for considering
Bacteria and Archaea (at least as defined by those
machineries) as the surviving two among the “many
twigs which flourished when the tree was a mere
bush,” rather than just the most recent big winners
in the battleground of a global microbial population.

So rather a lot hinges on whether or not we have
independent reasons to believe that the differences
between bacterial and archaeal informational
machineries do represent separately achieved
improvements on some more primitive state, and/or
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Fig. 3.3 Ribosomal protein clusters in prokaryotic genomes (based on Coenye & Vandamme, 2005, updated by
inclusion of 147 additional genomes). Illustrated here is a representation of the frequency and organization of
three ribosomal protein gene clusters found in prokaryotes. We performed an all versus all BLAST analysis using
the TIGR CMR “genome comparison” utility to determine how often a particular gene is either present in
bacterial or archaeal genomes in this cluster (top number) or present elsewhere in the genome (bottom number
in parentheses). This analysis includes 246 completely sequenced genomes (225 Bacteria and 21 Archaea),
which are found in the TIGR CMR Database. Note: in the alpha operon, S11 and S4 are reversed to S4–S11 in all
archaeal genomes containing the complete operon; two Archaea (Nanoarchaeum equitans and Pyrobaculum
furiosus) have little to no conserved organization.
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whether we can imagine alternative explanations for
them. Other chapters in this volume address domain
differences in information processing in detail. Much
has been made of domain-specific features of repli-
cation systems and the possibility that the almost
universally believed-in transition from an RNA- to a
DNA-protein world occurred independently in two
or three domains (Mushegian and Koonin, 1996a;
Chapter 2 in this volume).

These are unfortunately the kinds of questions
that are easy to argue about and difficult to solve.
One alternative to independent emergence from
primitivity is Gupta’s suggestion that antibiotic pres-
sure forced substantial changes in the ribosomes of
Gram-positive bacteria (changes that later spread by
LGT), creating Archaea as a sort of derived subclade
of Gram positives (Gupta, 1998). Another, following
a proposal of Gogarten-Boekels et al. (1995), is that
modern life derives from three relatively advanced
cellular lineages, the three survivors of a relatively
late “nearly ocean-boiling” meteorite impact. Both
these scenarios seem to us more in keeping with at
least one feature of bacterial and archaeal informa-
tion processing than divergence from a primitive
state, in particular the extreme possibility that the
domains arose independently from RNA world
antecedents. This feature is synteny in gene clusters
encoding ribosomal proteins. Figure 3.3 is an update
of a summation of similarities in the S10, spc and
alpha ribosomal protein gene clusters of Bacteria and
Archaea recently presented by Coenye and Van-
damme (2005). Given that operon structure is in
general unstable (Lathe et al., 2000; Tamames, 2001)

and that ribosomal protein gene clusters can exhibit
different regulatory regimes, we suggest that this
remarkable coincidence in gene order holds some
secret, yet to be revealed, about the time and nature
of the divergence of domains.

Tree as hypothesis

The debate concerning LGT and its meaning for the
tree of life is heated, and sometimes inappropriately
personal (Kurland, 2000). It is not always clear what
this debate is about, what either side would need to
be shown before accepting defeat. Tree supporters
take the tree as fact, in need only of elaboration, and
in this context may be right to consider the objec-
tions of critics as obscurantist and ill-motivated. Most
dangerously for evolutionary science (because 
creationists are paying attention, as they do to all
disharmony in the discipline), there is no clear “tree
of life hypothesis” being tested. We suggest one along
the lines implicit in this chapter: that the patterns of
similarity and difference which allow for the hierar-
chical classification of organisms into “groups subor-
dinate to groups” are to be explained primarily by
vertical descent, at all taxonomic ranks and at all
evolutionary depths back to some single root. We
suggest that as a community we need to decide what
“primarily” means in this context. But we submit
that by any reasonable definition of primarily, the
tree of life hypothesis – as it pertains to Bacteria and
Archaea – remains not proven.
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Introduction

Microorganisms are in many ecosystems, and in the biosphere as a whole, by far the largest component, in
terms of both biomass and biological activity (Whitman et al., 1998). By their participation in global biogeo-
chemical cycles they are major players in regulating the ecosphere. Until recently, the role of Archaea in these
global cycles, as well as their phylogenetic and physiological diversity, had been largely underestimated. While
the distribution of methanogenic Archaea in many different anaerobic habitats woldwide and their role in
the global carbon cycle has been well described, all other Archaea were considered as extremophiles with
specific adaptations and growth in those habitats on Earth that seem the most inhospitable for all other crea-
tures. With the help of culture-independent molecular techniques, mostly involving the amplification of 16S
rRNA genes directly from environmental samples, it has recently been shown that Archaea are not confined
to extreme niches. By contrast, they are globally distributed on this planet and occur in significant numbers
in soils (Bintrim et al., 1997; Buckley et al., 1998; Sandaa et al., 1999; Jurgens et al., 2000; Ochsenreiter et
al., 2003; Simon et al., 2005), the ocean’s plankton (DeLong, 1992; Fuhrman et al., 1992), sediments (Boetius
et al., 2000; Orphan et al., 2001b), freshwater lakes (MacGregor et al., 1997; Schleper 
et al., 1997a; Keough et al., 2003), and the deep subsurface (Takai et al., 2001). Even in the well known
habitats of Archaea, such as high temperature hydrothermal vent environments (Takai & Horikoshi, 1999;
Nercessian et al., 2005) or hypersaline environments (van der Wielen et al., 2005), the microbial diversity of
Archaea is much higher than previously assumed. From these studies, one has to conclude that those species
of methanogens, halophiles, and thermophiles that have been cultivated in the laboratory and studied in
detail represent only a minority of the total archaeal phylo- and phenotypes found on Earth.

The broad distribution and abundance of Archaea in terrestrial and marine habitats implies that they con-
tribute to global energy cycles. Yet many of these organisms have been predicted solely by polymerase chain
reaction (PCR) based surveys and no representative has been cultivated in the laboratory. Therefore, their
specific metabolisms and cellular features often remain elusive. However, recent advances, particularly in
environmental genomic studies (or “metagenomics”), have led to the characterization of some of these organ-
isms in the absence of laboratory cultivation (Schleper et al., 2005).

This review gives an update on the current understanding of the diversity and ecological distribution of
Archaea and introduces novel techniques that allow the study of those organisms that are difficult to isolate
in pure culture, or that live in synthrophic, interdependent associations. In particular, the review focuses on
the novel phenotypes of as yet uncultivated organisms that have been predicted by environmental genomic,
or “metagenomic,” studies.

While this chapter is intended to serve as a general introduction to the ecology of Archaea for newcom-
ers in the field, it may also be of interest to readers working on specific aspects of archaeal physiology or
information processing, who seek new variants of their favorite target in different novel – and perhaps yet
uncultivated – groups of non-extremophilic Archaea.

4
Diversity of uncultivated Archaea:

perspectives from microbial ecology and
metagenomics

Christa Schleper
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Archaea everywhere?

Around 20 years ago, a new era in microbial ecology
began when Norman Pace and colleagues suggested
the use of molecular biological tools to study natu-
rally occurring microbial diversity, independent of
the cultivation of organisms in the laboratory (Olsen
et al., 1986). This approach developed from the pio-
neering work of Carl Woese, who, based on such
phylogenies, discovered the domain Archaea (Woese
et al., 1978). It has now become a standard tech-
nique in many laboratories to amplify ribosomal
RNA genes, mostly small subunit (SSU) or 16S rRNA,
directly from environmental samples in order to
characterize prokaryotes by inferring phylogenetic
relationships. Edward DeLong and Jet Fuhrman
were the first to apply this PCR-based approach to
study the occurrence of Archaea in the marine
plankton and they unexpectedly detected Crenar-
chaea in high numbers (DeLong, 1992; Fuhrman 
et al., 1992). Since then Archaea have been contin-
ually found in many diverse environments. In
August 2005, around 11,000 complete or partial
sequences of 16S rRNA genes of mostly uncultivated
Archaea were deposited in the public databases and
the number is continuously increasing. Plate 4.1
depicts a phylogenetic reconstruction of 1384 
mostly full length sequences from this dataset. Thir-
teen lineages within the kingdom of the Crenarchaea
and 32 lineages within the Euryarchaea can be
resolved. Three or four tentative novel lineages
which are not closely affiliated with Euryarchaea or
Crenarchaea based on 16S rRNA phylogeny have
been dissected (ancient archaeal group (AAG),
pOWA, Korarchaeota, and Nanoarchaeota).
Although the phylogenetic placement of Nanoar-
chaeota (represented by Nanoarchaeum equitans in
Plate 4.1; Huber et al., 2002a) is currently under
debate (Brochier et al., 2005a, b), the Korarchaeota
(Barns et al., 1996) and representatives of another
“ancient archaeal group” (Takai & Horikoshi, 1999)
indicate the presence of more and perhaps deeply
branching kingdoms within the Archaea. Of the 49
lineages of Archaea represented in the tree, only
about 18 contain one or more cultivated representa-
tive (dark triangles in Plate 4.1) or have representa-
tive strains in mixed laboratory enrichments
(Korarchaeota, Nanoarchaeota, RCI, etc.). All other
lineages have been predicted by environmental 16S
rRNA gene surveys only (and are labeled with 

letters and numbers, in most cases referring to the 
study from which they have been first recovered).
This analysis is still even an underestimate, as 
about 10 or 15 branches would have to be added 
to the tree if all partial sequences from the 
databases were included (German Jurgens, personal
communication).

Although many of the novel archaeal groups have
been predicted indirectly by 16S rRNA gene surveys,
a wealth of additional data gives evidence that many
(if not all) of these lineages are found as living pop-
ulations in the environment. In particular, the use of
fluorescent in situ hybridization (FISH; Amann et al.,
1995) allows the visualization of specific phylotypes
and direct quantification at the cellular level (see
Plate 4.2).

Additionally, the use of biomarkers, particularly
archaeal lipids, has been crucial in tracing unculti-
vated Archaea in the environment and determining
their abundance (e.g. Schouten et al., 2000). Fur-
thermore, in conjunction with stable-isotope probing
(Wuchter et al., 2003), lipid analysis has been used
to trace the activity of Archaea in the environment.
With rRNA-based techniques, changes in spatial het-
erogeneity, abundance, and community structure of
soil Archaea have been observed (e.g. Sandaa et al.,
1999; Nicol et al., 2003b) and variation in the distri-
bution of planktonic Archaea in the water column
has been demonstrated (e.g. Massana et al., 1997).
Such analyses clearly indicate the presence of
dynamic and active archaeal populations that
respond to changing environmental parameters and
that contain differently adapted ecotypes.

Many of the novel archaeal groups seem (so far)
to be confined to specific geographical locations, or
to ecosystems that have similar geochemistry. For
example, groups DHVE I/IV and AAG are presently
defined only by sequences from a hydrothermal 
vent environment (Takai & Horikoshi, 1999). Other
groups, however, seem to be widely distributed. For
example, the two crenarchaeal lineages, which are
mostly defined by sequences from marine plankton
(group I.1A in Plate 4.1) or soils (group I.1B in Plate
4.1), are both also found in freshwater and deep sub-
surface samples (Murray et al., 1998; Takai et al.,
2001; Ochsenreiter et al., 2003). Sequences of group
I.1A have also been found in hydrothermal vents
(Takai & Horikoshi, 1999). As the 16S rRNA data-
bases increase even further, it might be possible that
those patterns will disappear and we will find that
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“everything is everywhere.” However, the general
picture for those habitats that have been studied
extensively may not change dramatically. For
example, from the considerable number of studies on
soil, it is clear that the dominant populations of
Archaea in the aerobic layers of most soils are solely
representatives of Crenarchaea group I.1b (with
fewer sequences, mostly from acidic forest and grass-
land soils, present in FFS). This finding is in striking
contrast to the huge diversity of Bacteria that are
found in soils (Gans et al., 2005). However, a con-
siderably larger diversity of Archaea is found in
marine sediments (marked by asterisks in Plate 4.1)
and an overwhelming diversity is found in
hydrothermal vent environments (red dots in Plate
4.1). Sequences of these environments are placed
within many lineages of Archaea or define even
novel branches (DHVE I, IV, AAG). Could this mean
that the origin of Archaea was in hydrothermal vent
environments or at least in hot environments,
because this is where they diversified the most? Only
relatively few organisms would have later adaptively
radiated into the more commonplace environments
on Earth. This might well be possible. In fact, since
the recognition of Archaea as a separate domain, it
has been assumed that thermophiles might have
arisen first (Stetter, 1992), because Archaea from 
hot environments are phylogenetically diverse and
some of them branch close to the root 
of the archaeal tree (Barns et al., 1996; Takai &
Horikoshi, 1999; Huber et al., 2002a) (see Plate 4.1).
Support for this speculation has also been provided
by biogeochemical studies and lipid biomarkers
(Kuypers et al., 2001).

It is interesting to note that genes involved in 
the methanogenic pathway are widespread in the
Euryarchaea, i.e. in 16 different out of 33 lineages,
including all methanogens, Archaeoglobi and the
ANME lineages (methanotrophs, see below). This
lends support for the hypothesis that the pathway
was present in a common ancestor of Euryarchaea,
or perhaps even in all Archaea (see also Chapter 2 in
this volume). As more of the specific metabolisms 
of the as yet uncultivated archaeal lineages are 
identified, it might be possible to dissect more of the
earliest chemolithoautotrophic pathways that devel-
oped in the Archaea and Bacteria and perhaps even
before the split of these two domains.

It is astonishing that most of the newly discovered
lineages seem to expand the two major kingdoms –

Euryarchaea and Crenarchaea – that were defined as
early as 1986 by Carl Woese based on only a few cul-
tured archaeal species (Plate 4.1 and Woese & Olsen,
1986). However, the discovery of a few more distant
and deeply branching lineages through molecular
surveys (Korarchaeota and AAG in Plate 4.1; Barns
et al., 1996; Takai & Horikoshi, 1999) or cultivation
(Nanoarchaeota; Huber et al., 2002a) indicate that a
greater diversity of Archaea is to be expected and
that more kingdoms might be recovered through
improved molecular ecological searches, more
sophisticated cultivation techniques, and perhaps
metagenomic approaches.

Abundant Archaea in 
the marine plankton

Marine pelagic Archaea were detected more than ten
years ago in 16S rRNA based surveys (DeLong, 1992;
Fuhrman et al., 1992). The sequences recovered
from the picoplankton in Pacific, Atlantic, Mediter-
ranean, and Antarctic waters fell into two groups:
one within the Crenarchaea (originally termed group
I, now group I.1a in Plate 4.1) and another within
the Euryarchaea (group II). Later another less abun-
dant euryarchaeal group III was discovered. From
the abundance of 16S rRNA genes in clone libraries
and quantitative rRNA hybridization experiments it
became apparent that the two archaeal groups thrive
in different zones of the water column, with group
II predominating at the surface and group I pre-
dominating at depth (Massana et al., 1997). Marine
planktonic Archaea have also been visualized by
FISH using rRNA-specific oligonucleotide probes.
The technique has been further extended by DeLong
and collaborators, who developed polyribonu-
cleotide probes in order to enhance the sensitivity
and applicability of FISH with seawater samples and
in particular with Archaea (DeLong et al., 1999). This
was successfully applied to identify and quantify
archaeal and bacterial cells in seawater even down
to several thousand meters depth (down to 4750m).
In an exhaustive one-year-long survey of the north
Pacific, marine Crenarchaea were shown to comprise
a large fraction of the total marine picoplankton
below the euphotic zone (>150m) with an unusu-
ally broad habitat range spanning from mesopelagic
to bathypelagic depths and a relative abundance that

DIVERSITY OF UNCULTIVATED ARCHAEA: PERSPECTIVES FROM MICROBIAL ECOLOGY AND METAGENOMICS 41

GAR4  9/15/06  3:37 PM  Page 41



reaches 39% of total DNA-containing picoplankton
in greater depths (Karner et al., 2001). From this
study it has been extrapolated that 1.0×1028 cells, i.e.
approximately 20% of all the picoplankton cells in
the world’s oceans, appear to be represented by one
specific clade, the pelagic Crenarchaea. Beside Pelag-
ibacter (SAR11) and Prochlorococcus, these Archaea
might belong to one of the most abundant groups of
microorganisms on this planet (Rappe & Giovannoni,
2003).

Inspired by the rapid advances in genomic tech-
niques applied to cultivated microorganisms, Stein
and DeLong used a bacterial artificial chromosome
(BAC) derived fosmid vector to prepare a large-insert
library from marine plankton of the north-eastern
Pacific in order to characterize marine planktonic
Archaea beyond their 16S rRNA genes (Stein et al.,
1996). This study was the beginning of a novel and
now rapidly expanding field of microbial environ-
mental genomics or “metagenomics.” A 38.5kb
genomic fragment of an uncultivated mesophilic cre-
narchaeote was identified within 3552 clones using
Archaea-specific 16S rRNA gene probes (FOS-4B7,
Group I.1A in Plate 4.1). Further genome fragments
of marine Archaea have subsequently been isolated
from BAC, fosmid, or cosmid libraries of surface
(Beja et al., 2000, 2002) and deep waters (Lopez-
Garcia et al., 2004; Moreira et al., 2004) of the
Antarctic and the North Pacific. Conservation of gene
order around the rRNA operon confirmed the close
relationship of the planktonic Crenarchaea, even
between strains from different oceanic regions. 
In contrast, it is noticeable that considerable hetero-
geneity could be observed in protein encoding
regions and intergenic spacers, when genome frag-
ments with otherwise identical or almost identical
16S RNA genes were compared from the same DNA
library (Beja et al., 2002). The planktonic archaeal
clones shared several genomic features with their
hyperthermophilic relatives, including the estimated
low G+C content (c.32–36%) as well as the gene
repertoire and structure of the rRNA operon.
However, some genes that are so far unique to plank-
tonic Crenarchaea have also been identified, such as
a putative RNA-binding protein that shares features
with the bacterial cold shock family, and a novel Zn
finger protein that was found previously only in
eukaryotes (Beja et al., 2002).

First hints of the specific metabolism of marine
planktonic Crenarchaea stem from stable isotope
studies, which suggested that the Archaea incorpo-

rate CO2 and therefore most probably have an
autotrophic growth mode (Wuchter et al., 2003).
Furthermore, genes encoding proteins that were
remotely related to ammonia monooxygenases from
bacteria were found in a large-scale environmental
genomic survey from the Sargasso Sea (Venter et al.,
2004). These genes could be clearly assigned to Cren-
archaea with the help of a genomic contig isolated
from soil (Schleper et al., 2005), indicating that both
soil and marine Crenarchaea could be ammonia oxi-
dizers (see below).

In support of this hypothesis, the first cultivated
isolate growing as an autotrophic and aerobic
ammonia oxidizer has recently been obtained from
an aquarium in Seattle (Nitrosopumilus; Könneke 
et al., 2005). With primers designed against the puta-
tive archaeal amo genes from the metagenomic
studies of soil and the Sargasso Sea, a highly related
gene has been amplified from Nitrosopumilus. Again
this indicates that ammonia oxidation in Archaea
might proceed via an ammonia monooxygenase that
is distantly related to that of their bacterial counter-
part. The isolation of a marine mesophilic crenar-
chaeote will serve as an important basis 
for studying the biochemistry and physiology of
marine Archaea and for obtaining more strains from
other environments. However, it remains to be
demonstrated how many of the Crenarchaea 
within the non-thermophilic terrestrial and 
marine lineages are indeed ammonia oxidizers. If
most of them exhibit this metabolism, then
ammonia-oxidizing Archaea should be found in
many divergent habitats on Earth, including hot 
and moderate terrestrial, freshwater, and marine
environments.

Cenarchaeum symbiosum: a model
marine crenarchaeote

Cenarchaeum symbiosum was first detected by 16S
rRNA-based PCR surveys among the complex bacte-
rial community harbored in the tissues of the marine
sponge Axinella mexicana (Preston et al., 1996). Since
it can be “quasi”-cultivated in the laboratory by
maintaining it in stable association with its host
under controlled conditions (and at temperatures
around 40–50°C below the optimum of its closest
cultivated relatives, the hyperthermophilic Crenar-
chaea), it was the first strain of non-thermophilic
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Crenarchaea to be described and named. The Cenar-
chaeum/Axinella association provided a tractable
system for the study of non-thermophilic marine
Crenarchaea and gave access to relatively large
amounts of biomass (and DNA) from this species.
Although C. symbiosum has not been cultivated or
completely physically separated from the host tissues
or from the coexisting bacteria, cell fractions that are
enriched for the archaeon have served for the con-
struction of large-insert genomic libraries (Schleper
et al., 1998), facilitating the isolation of genome frag-
ments and leading to a genome sequencing project
of this organism (E. DeLong, personal communica-
tion). Many features, including a homologue of a
family B DNA polymerase that is encoded on an iso-
lated fosmid, show the close relationship of C. sym-
biosum to cultivated hyperthermophiles (Schleper 
et al., 1997b). The deep placement of a radA homo-
logue from Cenarchaeum in phylogenetic analysis
(Sandler et al., 1999) and the discovery of a histone
gene (Čuboňová et al., 2005) indicate that the
genomes of non-thermophilic Crenarchaea will be
very interesting for recalculating and redefining the
phylogenetic relationship and particular features of
Euryarchaea and Crenarchaea, and the origin of
Archaea.

Unexpectedly, the analysis of genomic contigs
from C. symbiosum revealed the presence of two
closely related variants that were found in the major-
ity of sponge individuals analyzed (Schleper et al.,
1998), and this observation was confirmed in the
analysis of the complete genome (S. Hallam and 
E. DeLong, personal communication). The two
genomic entities have less than 0.7% deviation in
the 16S rRNA gene sequence and have an identical
gene order, but vary up to 20% in protein encoding
regions and even up to 30% within intergenic
regions. This study was among the first to reveal
genomic heterogeneity at the species level based on
environmental genomic studies and indicates a con-
siderable functional diversity and perhaps adaptation
to special niches in populations of coexisting closely
related prokaryotic strains. This observation was con-
firmed through the study of closely affiliated
archaeal planktonic fosmids (Beja et al., 2002) and
was largely extended during the assembly of huge
datasets from the shotgun sequencing projects of the
Sargasso Sea (Venter et al., 2004) and an acidic mine
drainage (Tyson et al., 2004).

The C. symbiosum genome has a considerably
higher G+C content (>55%; Schleper et al., 1998)

than its relatives in marine plankton (approximately
34%), which may reflect adaptation to the symbiotic
lifestyle in the metazoan host, rather than a large
evolutionary distance. Despite this difference, how-
ever, a considerable number of genomic scaffolds
with homologous, syntenic regions can be identified
using C. symbiosum genome fragments to query the
environmental database from the Sargasso Sea. In
fact, large parts (if not a whole genome) of a marine
crenarchaeote can be assembled from the Sargasso
Sea dataset, indicating a close relationship between
most planktonic Crenarchaea.

Methanotrophic Archaea 
in marine sediments

In marine sediments deep below the ocean floor, large
quantities of methane are stored as solid gas hydrates.
It has only been recognized relatively recently that the
flux of considerable amounts of this greenhouse gas
into the hydrosphere is prevented through the activ-
ity of microorganisms. The organisms responsible for
the anaerobic oxidation of methane (AOM) all belong
to the Euryarchaea. Different lineages affiliated with
Methanosarcinales/Methanobacteriales (ANME 1, 2
in Plate 4.1) or with Methanococcoides (ANME 3 in
Plate 4.1) have been found in the upper subsurface
sediments that lie above the large reservoirs of
methane (Boetius et al., 2000; Orphan et al., 2001b).
Particularly impressive and massive microbial mats,
covering up to 4m high carbonate buildups, thrive at
methane seeps in anoxic waters of the northwestern
Black Sea shelf (Plate 4.3, and Michaelis et al., 2002).
Strong 13C depletions and in vitro incubation experi-
ments indicate that these mats perform anaerobic oxi-
dation of methane, thereby precipitating carbonate
structures and producing substantial biomass. In situ
analyses based on lipid and isotope signatures, com-
bined with 16S rRNA-based surveys of the microbial
communities feeding on methane seeps, have sug-
gested that Archaea of the ANME I and II lineages
should be methanotrophs, converting methane into
CO2 and reduced by-products in a process that is
coupled to sulfate reduction by closely associated bac-
teria (Hinrichs et al., 1999; Boetius et al., 2000;
Orphan et al., 2001b). None of the archaeal organisms
that mediate the anaerobic oxidation of methane, nor
their sulfate-reducing partners of the Desulfosarcina/
Desulfococcus branch of the Deltaproteobacteria
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(Boetius et al., 2000; Orphan et al., 2001b) have 
been brought into laboratory culture yet. However,
biochemical and metagenomic studies have given
crucial insights into the pathways involved in AOM.
Genes for methyl coenzyme M reductase (MCR),
which performs the terminal step in methanogenesis,
were found in association with ANME lineages
(Hallam et al., 2003), and a novel nickel compound, a
variant of the MCR cofactor F430 of methanogenic
Archaea associated with an MCR-like protein (Ni-
protein I), was characterized in a combined biochem-
ical and environmental genomic study (Krüger et al.,
2003). This enzyme might catalyze methane activa-
tion in a reverse terminal MCR reaction. The hypoth-
esis, that ANME-Archaea perform a “reverse
methanogenesis,” was recently further supported by
Hallam et al. (2004) through a community genomics
approach. The analysis of genome fragments isolated
from fractions highly enriched for the ANME I organ-
isms revealed genes encoding factors involved in all
but one of the seven steps of the methanogenic
pathway. Only mer, the gene for methylene-tetrahy-
dromethanopterin reductase, was missing. The
absence of this protein, which catalyzes a key reduc-
tive step in methanogenesis, might indicate a point 
in the pathway where methanotrophic Archaea 
regulate the flux of carbon in the oxidative direction
(Hallam et al., 2004). Knittel et al. (2005) have
recently investigated to what degree the anaerobic
methane oxidizers of the two major groups (ANME I
and ANME II), exhibiting the same metabolism, also
occupy the same niches. Although the ANME groups
were found at all methane environments that have
been examined, independent of temperature, pH, or
other parameters, differences could be dissected with
respect to relative abundance, indicating a specific dis-
tribution of various ecotypes in the different
microniches.

A number of other archaeal lineages within the
Euryarchaea and Crenarchaea have been detected 
by 16S rRNA surveys in various marine sediments
(Plate 4.1), and still await a closer characterization.

Ubiquitous Crenarchaea in soils might
be ammonia oxidizers

Soils are the most diverse ecosystems on the planet,
with an estimated 12,000–18,000 different dominant

microbial species in one small sample or even one
million species per gram when rare organisms are
included in the estimates (Gans et al., 2005). The
number of microorganisms in soil habitats, typically
109 cells/g, by far exceeds that in freshwater or
marine habitats. Most of them occur in the organi-
cally rich surface layers and in association with plant
roots, while they are less abundant in the underly-
ing mineral soils. A compilation of 16S rRNA data
from studies on Bacteria revealed that at least 20 out
of 41 bacterial phyla are represented in the aerobic
surface layers of soil (Treusch & Schleper, 2005). In
striking contrast to this, the diversity of Archaea in
the upper layers of soils seems to be very limited and
mostly restricted to Crenarchaea of group I.1B (Plate
4.1) and group FFS (the latter mostly only in acidic
forest soils). Albeit less diverse, these particular Cre-
narchaea can be recovered on all continents from
virtually any terrestrial ecosystem. They have been
found in sandy ecosystems, pristine forest soil, agri-
cultural fields, contaminated soil, and the rhizos-
phere (Bintrim et al., 1997; Buckley et al., 1998;
Sandaa et al., 1999; Simon et al., 2005; Nicol et al.,
2003a; Ochsenreiter et al., 2003) and represent a sig-
nificant fraction (up to 5%) of the total prokaryotic
community (Buckley et al., 1998; Ochsenreiter et al.,
2003). They exhibit spatial heterogeneity and
changes in abundance and community structure
dependent on succession (Fig. 4.1), land-manage-
ment strategies, heavy-metal contamination, or 
rhizosphere type (Sandaa et al., 1999; Nicol et al.,
2003b, 2005; Sliwinski & Goodman, 2004).
Although soil Crenarchaea have been obtained in
enrichment cultures from plant roots (Simon et al.,
2005), the specific metabolism of these Archaea
remained unresolved.

With the help of environmental genomic and
postgenomic techniques, it has recently become pos-
sible to gain insight into the putative physiology of
soil Crenarchaea (and of their marine relatives).
Several large genome fragments from Crenarchaea
have been isolated from complex soil libraries. They
were identified by 16S rRNA or other archaeal-
specific core genes (Quaiser et al., 2002; Treusch et
al., 2004, 2005). A number of genes on these contigs
provided first clues to the energy metabolism of these
Archaea. In particular, the identification of two genes
encoding proteins related to subunits of ammonia
monooxygenases (amoAB), the central enzyme of
ammonia oxidation in bacterial nitrifiers (Arp et al.,
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2002), led to the speculation that non-thermophilic
Crenarchaea use ammonia as their primary energy
source (Schleper et al., 2005). Proteins from the
family of ammonia monooxygenases and particulate
methane monooxygenases of methanotrophs have so
far only been detected in the γ- and β-Proteobacteria
groups. The novel, quite distant homologues from
Archaea expand this well known family to a third
group. With primers specific to the amoA-like gene of
soil Crenarchaea, it was possible to demonstrate tran-
scriptional induction of the gene in microcosms from
soil that were amended with ammonia (Treusch et
al., 2005). This experiment lends further support to

the hypothesis that the identified gene encodes an
ammonia monooxygenase rather than a particulate
methane monooxygenase, which belongs to the same
protein family. Interestingly, homologues of the amo-
like genes from the soil crenarchaeote were found in
the dataset from the Sargasso Sea (Plate 4.4a). The
cultivation of a chemolithoautotrophic, apparently
ammonia-oxidizing, archaeon associated with the
marine group I.1a lends further support to the occur-
rence of this metablism (Könneke et al., 2005; see
above). It remains to be shown if soil Crenarchaea are
also autotrophs, as has been suggested for the marine
relatives. The high conservation of the archaeal amoA
gene makes it an excellent biomarker to study the dis-
tribution and abundance of ammonia-oxidizing
Archaea in different habitats (Plate 4.4b). First studies
indicate that this group of Archaea is abundant in
many different terrestrial and marine environments
(S. Leininger and C. Schleper, in preparation).

Interestingly, a homolog of a copper-containing
nitrite reductase (NirK), the key enzyme of dissimi-
latory nitrate reduction, was also identified on the
archaeal soil clone (Plate 4.4a), as well as in the 
Sargasso Sea dataset (Treusch et al., 2005). As this
protein is also found in ammonia-oxidizing bacteria
and might even play a key role in their metabolism
(Schmidt et al., 2004), it lends further support to the
hypothesis that the primary energy metabolism of
mesophilic terrestrial and marine Crenarchaea is
based on ammonia oxidation.

Several but not all archaeal contigs, recovered
from soil libraries, show considerable genomic
overlap (i.e. syntenic regions of high similarity) with
scaffolds from the Sargasso Sea dataset, indicating
that some but not all soil groups share metabolic
capacities with marine planktonic Crenarchaea
(unpublished observation).

Rice Cluster I Archaea are an
important group of methanogens

The diversity and abundance of methanogenic 
Euryarchaea in anoxic soils has been particularly
well studied in rice fields. These environments 
contribute considerably to the global methane 
emissions (10–25%). After pulse-labeling rice plants
with 13CO2, Lu and Conrad (2005) demonstrated 
that most of the stable isotope was ultimately 
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Fig. 4.1 Denaturant gradient gel electrophoresis
(DGGE) of 16S rRNA gene fragments to visualize the
primary succession of soil Crenarchaea communities
associated with soil development across a receding
alpine glacier forefield. Receding glaciers provide
chronosequences of soil and plant community
development from bare substrate to mature acidic
grassland soil. Soil substrates were deglaciated for 4 to
approximately 9500 years. Lanes labeled M represent
a marker lane composed of short PCR products of
cloned 16S rRNA gene sequences representative of
the most abundant archaeal 16S rRNA gene
sequences (1.1b, 1.1c, 1.1c-associated and 1.3
crenarchaeal lineages; see labels to the right of the
figure). Sequences from organisms placed within the
1.1b terrestrial lineage were recovered in all samples
with successional communities clearly apparent.
Sequences from other soil crenarchaeal lineages were
only recovered in developed soils indicating a
restricted ecological distribution. (Taken from Nicol 
et al., 2005, with permission of the publisher.)
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incorporated into the ribosomal RNA of Rice Cluster
I Archaea (Euryarchaea RCI in Plate 4.1) in the soil.
This archaeal group, of which no representative has
been cultivated yet, therefore seems to play a key
role in methane production from plant-derived
carbon. It is not yet understood how the RCI organ-
isms can live in the rhizosphere, since methanogens
are usually confined to anaerobic niches. It has 
been suggested that either they might be resistant 
to O2 toxicity or they might thrive in anaerobic
microniches, e.g. in old root segments (Grosskopf et
al., 1998). RCI organisms seem to produce methane
through CO2 reduction, rather than acetate cleavage,
which is the dominant path of CH4 production in 
the bulk soil (Conrad et al., 2002). It will be most
interesting to gain more insights into the specific
physiology of these important methanogens, as
plant-photosynthesized carbon constitutes a major
source for methane production in rice soil. A genome
of an RCI organism will be available soon, as it 
has been assembled recently from the DNA library 
of an enrichment culture (R. Erkel, personal 
communication).

Archaea in freshwater

From the few studies available, it is apparent that
considerably more lineages of Crenarchaea and Eur-
yarchaea are found in freshwater environments than
in soil (see MacGregor et al., 1997; Keough et al.,
2003; Ochsenreiter et al., 2003). However, so far
only the ecology of methanogens has been thor-
oughly characterized. A glimpse of an interesting
novel euryarchaeote from cold sulfurous marsh
water at 10°C has recently been obtained. The
organism (termed SM1) grows in symbiotic or syn-
trophic association with bacteria of the genus Thiotrix
in a macroscopically visible string-of-pearl like struc-
ture (Moissl et al., 2003). The assemblage can be cul-
tivated in situ (in nature) on polyethylene nets. The
specific physiologies of this archaeon remain unclear,
but it does not exhibit the typical fluorescence of
methanogens and does not contain coenzyme F420.
About 100 filamentous cell appendages of 2–3µm
length emanate radially from the surface of each
coccoid-shaped SM1 cell (Fig. 4.2a). The ultrastruc-
tual examination of these appendages revealed a
very unusual and interesting structure never
observed before in nature: it resembles a piece of

barbed wire with a tripartite barbed grappling hook
that strikingly resembles a fishing hook at its distal
end (Fig. 4.2b; Moissl et al., 2005). However, this tool
was probably developed several hundred million, if
not a billion, years before the macroscopic man-
made equivalent. The “hamus” might be interesting
for nanotechnological applications and represents a
wonderful example of the potential for biomimetrics.
It also demonstrates nicely how much there is to dis-
cover in the unexplored archaeal world, including
novel morphological features that can be relevant to
the ecology of organisms.

Archaea in association 
with eukaryotes

Since Archaea have been found in so many com-
monplace environments, the obvious question arises
as to whether they are also typically associated with
eukaryotes and perhaps also found as animal or
human pathogens. It is well documented that
methanogens are found associated with different
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(a) (b)

Fig. 4.2 (a) Electron micrograph of platinum-
shadowed euryarchaeon SM1 cell isolated from a
sulfurous marsh in Bavaria, near Regensburg,
exhibiting pili-like appendages. Bar = 1 µm. (b)
Electron micrograph of a negatively stained single
hamus of SM1. Bar = 100 nm. (Image courtesy of R.
Huber, University of Regensburg.)
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organisms, including humans. They live, for
example, in both endo- and ectosymbiotic associa-
tions with many protozoa and use H2 produced by
hydrogenosomes in an anoxic environment, thus
acting as an electron sink (Embley & Finlay, 1993–4).
Even in protozoa lacking hydrogenosomes, me-
thanogens have been found together with other fer-
mentative bacteria that produce H2. Through
cultivation or molecular PCR-based techniques,
methanogens (and in particular Methanobacteri-
aceae and Methanosarcinaceae) have been found in
association with the digestive tract of arthropods
(such as termites, millipedes, scarab beetles, and
cockroaches) as well as cattle, sheep, and humans
(for review see Lange et al., 2005). The nature of the
archaeal interactions within the endogenous flora of
animals has been best described for methanogens in
arthropods, where they are found in different types
of symbiosis, including free living organisms that 
colonize the hindgut lumen or chitinious structures,
or intracellular symbionts of protists (Hackstein 
& Vogels, 1997). In a 16S rRNA survey, Friedrich 
et al. (2001) detected axial differences in the
methanogenic populations in different compart-
ments of the hindgut from a soil-feeding termite, 
and also found sequences related to Thermoplas-
matales and to non-thermophilic Crenarchaea.
Beside the detection of crenarchaeal sequences in the
holothurian Oneiruphanta mutabilis (McInerney et al.,
1995), this is the only report so far of Crenarchaea
found in the digestive tracts of animals. Other 
Crenarchaea, affiliated with the marine group I.1b of
the planktonic marine Crenarchaea, are found
repeatedly in sponges from different oceans (e.g.
Webster et al., 2004), with the best described repre-
sentative being Cenarchaeum symbiosum (discussed
above).

Multiple niches for Archaea have been described
in the human host. Methanogens have been identi-
fied in the colonic flora but also in subgingival dental
plaque and in the vaginal flora (Eckburg et al., 2003
and references therein). They might be coinhabitants
in all strictly anaerobic microenvironments of the
human body. It is, however, still unclear if Archaea
play a role in human or animal diseases. In princi-
ple, their ubiquitous distribution in nature provides
ample opportunity for access to susceptible hosts and
colonization therein. No principle reasons exist why
Archaea could not be pathogens. In fact several
general features that we mostly know from genome

surveys imply that they might have the prerequisites
of pathogens (Eckburg et al., 2003).

Archaeal genomes in large
metagenomic datasets

Metagenomic or environmental genomic studies are
certainly one of the most promising and expanding
technologies to study uncultivated organisms from
complex microbial communities. While initially long
genome fragments of specific lineages have been tar-
geted in complex large-insert libraries, the shotgun
sequencing approach, as pioneered by Craig Venter
for sequencing genomes of cultivated organisms, has
now also been applied to natural microbial commu-
nities. By shotgun sequencing nucleic acids from a
very simple community of an acidic biofilm, Tyson 
et al. (2004) created a dataset of 76Mb from which
a composite genome of roughly 1.8Mb of a Ferro-
plasma species could be almost completely recon-
structed. The genome contained a 16S rRNA with
99% identity to that of Ferroplasma acidarmanus (iso-
lated earlier from the same location), but a sequence
divergence of 22% on the nucleotide level when
comparing the two, largely syntenic, genomes. 
Most interestingly, the reconstructed genome of Fer-
roplasma type II revealed an extensive degree of
nucleotide polymorphism (different in its pattern
from that observed with an assembled Leptospirillum
genome of the same dataset) that was most likely
explained by frequent recombination events among
closely related Ferroplasma type II strains. Beside
cryptic prophages and putative mobile genetic
(retro)-elements, no evidence was found for the
mechanism underlying this frequent gene exchange.
However, such genetic exchange has been shown
earlier among laboratory strains (Rosenshine et al.,
1989; Schleper et al., 1995; Grogan, 1996). Further-
more, frequent events of homologous recombination
(Lopez-Garcia et al., 2004), even leading to a degree
of linkage equilibrium resembling that of a sexual
population (Papke et al., 2004) have recently been
suggested for other naturally occuring archaeal
assemblages, indicating that extensive genetic
exchange could be a more general feature within the
Archaea.

The metagenomic approach was taken to yet
another scale when Venter and collaborators made a
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huge random sequencing survey from DNA obtained
from filtered surface waters of the Sargasso Sea
(Venter et al., 2004). In the roughly one billion base-
pairs of sequence, representing 1.2 million novel
genes, considerable numbers of archaeal sequences
can be found, as would be expected from the high
abundance of Archaea in marine plankton. Complete
and partial 16S rRNA genes and other phylogenetic
markers indicated the presence of both Crenarchaea
and Euryarchaea. However, since this whole genome
shotgun approach was performed on small-insert
libraries from an (unexpectedly) complex microbial
community, only single sequences or in-silico-
assembled scaffolds are obtained and this often
impedes a clear assignment of the sequence infor-
mation to specific lineages. But with more sophisti-
cated annotation tools (that still need to be
developed for such large environmental datasets) or
simply with the help of large genomic fragments that
have been isolated earlier from BAC or fosmid
libraries, a considerable number of archaeal genes
and scaffolds can be assigned to the euryarchaeotic
or crenarchaeotic lineages (own unpublished obser-
vation; Venter et al., 2004).

Conclusions and outlook

Research on microorganisms has traditionally 
been dependent on the pioneering work of micro-
biologists, who isolated novel strains from environ-
mental samples. In particular, the isolation of
“extremophilic” Archaea from remote, pristine, and
special places on Earth has been inspiring to this
research field (Stetter, 1999). Cultivation of novel
organisms will remain crucial in the future too.
However, it was through the use of molecular bio-
logical tools that Carl Woese in his pioneering studies
detected the Archaea and set a basis for our percep-
tion of the third domain (Woese et al., 1978). Based
on the same technique, i.e. phylogenetic analysis of
ribosomal RNA genes, an overwhelming diversity of
Archaea has been detected over the past decade with
culture-independent approaches. We are only begin-
ning now to get a comprehensive picture about the
distribution and diversity of Archaea, and without
the use of modern molecular techniques, the eco-
logical distribution and impact of the Archaea would
have remained completely obscure. With metage-
nomics and a number of other techniques (stable

isotope probing, FISH), novel tools are at hand that
allow us to characterize the physiological potential
and activity of microorganisms, even in the absence
of their cultivation. Extrapolating from the quickly
evolving field of genomics and metagenomics, one
can expect that complex communities will be moni-
tored in the future based on “environmental genome
tags” (EGTs) in high throughput sequencing efforts.
In those studies, the goal might not be to isolate or
reconstruct whole genomes, but to get profile 
characteristics for specific environments (Tringe et
al., 2005). This information will in turn be used to
study active genes in the environment with meta-
transcriptomics and meta-proteomic studies, which
have already been used on a smaller scale for less
complex environmental samples. Such techniques
will help us to get more comprehensive pictures
about different naturally occurring microbial com-
munities and how they react to shifting environ-
mental conditions.

In order to transform the huge datasets acquired
by such high-throughput technologies into useful
scientific knowledge, a number of problems that will
require the integration of many different research
disciplines will need to be addressed in the near
future. But the first metagenomic studies are encour-
aging (Table 4.1). They have contributed significantly
to the identification of two novel metabolisms in 
the Archaea that play important roles in the ecology
of this planet (reverse methanogenesis of deep-sea
methanotrophs and ammonia oxidation of non-
thermophilic Crenarchaea) and have led to a better
understanding of the diversity of microorganisms 
in natural populations. From the first studies it 
also becomes evident that genomic analyses of
natural microbial communities provide new insights
into functional diversity within populations, 
genome dynamics, and speciation, which cannot be
obtained in depth through the analysis of laboratory
strains.

It will be exciting to learn more about the ecolog-
ical impact of Archaea on this planet and their inter-
action with other life forms. It is also possible that
population genomics will lead to the identification 
of archaeal pathogens or novel, divergent archaeal
lineages that have eluded PCR-based molecular
surveys.

Cultivation efforts to isolate or enrich for novel
microbial species will remain crucial, however, for
understanding the physiological diversity of micro-
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organisms and identifying gene functions and novel
pathways. Considering the complementarity of these
approaches, it is disappointing to see that the two 
disciplines of “classical” organismic microbiology 
and microbial ecology/metagenomics have mostly
remained two independent disciplines so far, instead

of merging to form a strong interdisciplinary plat-
form in microbiological science.

The discovery of novel Archaea in non-extreme
environments might also open some new perspec-
tives for studying the cellular proteins of Archaea,
which are so strikingly similar to their eukaryotic

DIVERSITY OF UNCULTIVATED ARCHAEA: PERSPECTIVES FROM MICROBIAL ECOLOGY AND METAGENOMICS 49

Table 4.1 Metagenomic studies that include genomic information of uncultivated Archaea.

Environment Library type Archaeal group found Comments Reference

North Pacific, marine Fosmids Marine planktonic First large genome Stein et al., 1996;
plankton Crenarchaea, group fragment from an Beja et al., 2002

I.1A uncultivated 
microorganism

Californian Pacific Fosmids Cenarchaeum Archaeal extracellular Schleper et al., 
coast, marine symbiosum symbiont, stable 1997b, 1998
sponge Axinella (Crenarchaeote), association in 
mexicana group I.1A laboratory aquaria

Californian coast, BACs Marine planktonic 60kb clone identified Beja et al., 2000
surface waters Euryarchaea, group II through 23S rRNA 

gene
Antarctic, coastal Fosmids Planktonic Comparative analysis of Beja et al., 2002

waters Crenarchaea group highly related 
I.1A fragments

Calcerous grassland Fosmids Soil Crenarchaea Genes pointing to  Quaiser et al., 2002;
soil, aerobic layer group I.1B potential energy Treusch et al., 

metabolism 2004, 2005
Eel river basin, Fosmids Euryarchaea Reverse methanogenesis Hallam et al., 2003,

Monterey Canyon, ANME-1 and -2 pathway 2004
microbial mats reconstruction
associated with
deep methane 
seeps

Northwestern Black Fosmids Euryarchaea Combination of Kruger et al., 2003
Sea shelf, microbial ANME-1 biochemical and 
mats from metagenomic 
methane seeps approach

Antarctic polar front, Cosmids Group I.1A Horizontal gene transfer Lopez-Garcia et al.,
waters of 500m Crenarchaea, group II in crenarchaeote 2004; Moreira
depth euryarchaeote et al., 2004

Acid mine drainage Plasmids (small Ferroplasma Mosaic genome Tyson et al., 2004
biofilm inserts) reconstruction

Sargasso Sea surface Plasmids (small Planktonic >1Gb of environmental Venter et al., 2004
waters inserts) Crenarchaea and DNA sequenced

Euryarchaea
Methanogenic Fosmids Rice cluster I Stably maintained, Erkel et al., 2005

consortium methanogens bacterial/archaeal 
consortium

Michigan soil Plasmids Crenarchaea 100Mbp Tringe et al., 2005

GAR4  9/15/06  3:37 PM  Page 49



homologues. By obtaining organisms (or at least
their genes) with growth requirements that are not
extreme with respect to temperature, salt, or oxygen,
but instead compatible with those of eukaryotic
model organisms, it will become possible to study
archaeal proteins in a eukaryotic cell context, by

complementing mutants or using eukaryotic in vitro
systems. Such studies will allow us to address 
questions about the conservation and evolution of
information-processing systems in the archaeal/
eukaryotic lineages from a novel perspective.
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Introduction

Until recently all cultivated Archaea belonged either to the Crenarchaeota or to the Euryarchaeota (Woese
et al., 1990). A third archaeal phylum (kingdom), the “Korarchaeota,” has been identified by amplification
of 16S rDNAs from environmental samples (Barns et al., 1996), but the corresponding organisms still wait
for detailed characterization. Archaea show a great variety in terms of morphology and cell size, physiology,
adaptations to extreme environments, and genome size. Although they were for a long time regarded as thriv-
ing only in extreme environments, it has become more and more evident that Archaea inhabit nearly all
natural environments and even anthropogenic biotopes, such as burning heaps or heaters within power
plants. Archaea have also been found as partners in a number of symbioses, e.g. Methanoplanus endosymbio-
sus in a marine sapropelic ciliate (van Bruggen et al., 1986), Cenarchaeum symbiosum in a marine sponge
(Preston et al., 1996), members of the order Methanosarcinales in microbial communities oxidizing methane
anaerobically (Michaelis et al., 2002), and Methanobrevibacter smithii in the human intestine (Eckburg et al.,
2005). In this chapter, we present an overview of the discovery, cultivation, physiology, ultrastructure, and
phylogeny of Nanoarchaeum equitans. This tiny hyperthermophilic coccus lives in the first host–parasite asso-
ciation described for Archaea and represents in addition the first member of a new kingdom of the Archaea,
the Nanoarchaeota (Huber et al., 2002a). N. equitans has turned out to be unique in terms of cell and genome
size, phylogeny, gene organization, and lifestyle.

Discovery and cultivation

In samples taken at a depth of about 100m at the
Kolbeinsey ridge, north of Iceland, a novel isolate of
the genus Ignicoccus was found, Ignicoccus sp. strain
KIN4/I. It grew at temperatures around 90°C under
anoxic conditions. Cultivation was strictly dependent
on the presence of molecular hydrogen as electron
donor, elemental sulfur as electron acceptor, and, 
in addition, CO2 as carbon source. Occasionally,
attached to these cells, very tiny cocci were visible,
exhibiting a diameter of only 400nm. They were
barely visible in phase contrast microscopy, but could
clearly be identified by staining with DAPI, and also
in transmission electron micrographs of platinum-
shadowed specimens (Plate 5.1a, b, c). The cloning

of the Ignicoccus sp. strain KIN4/I by single cell isola-
tion using “laser tweezers” was successful, and a
stable culture was obtained. In contrast, many
attempts failed to grow the tiny cocci alone, after
physical separation from the Ignicoccus, in defined
media with or without a wide range of inorganic or
organic compounds. It was, however, possible to
establish a stable co-culture of the Ignicoccus sp. strain
KIN4/I together with the small cocci under labora-
tory conditions, after isolating them using a “laser-
tweezer.” This culture grows to an average density of
about 2×107 cells/ml of each organism, the Ignicocci
and the small cocci.

In initial attempts to demonstrate that these
microorganisms belonged to any of the described
phyla within the Archaea, so-called “universal”

5
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primers were used in the polymerase chain reaction
(PCR) for the amplification of their 16S rDNA genes.
These experiments were successful for Ignicoccus sp.
strain KIN4/I. It is closely related to the described
Ignicoccus species, I. islandicus and I. pacificus, with a
phylogenetic distance of 4.4 and 3.2, respectively. In
contrast, PCR amplification of the 16S rRNA gene
failed in the case of the tiny cocci, although many
different kinds of primer combinations were
employed. In the following, a different approach was
successful. The co-culture was screened for all possi-
ble rRNA genes present in the co-culture, using
Southern blot hybridization, with a Metallosphaera
16S rDNA as probe. Two signals were obtained: one,
as expected, from the Ignicoccus cells and a further
one that could be assigned to the small cocci. After
the cloning and sequencing of this second 16S RNA
gene, its primary and secondary structure showed
many typical features for an archaeal 16S rDNA, but
an unexpectedly high number of base exchanges in
sequence regions, which had been considered to be
“highly conserved” among the Archaea. The similar-
ities to the 16S rDNA sequences of species from the
archaeal phyla known had been low, with only
0.73–0.81 relative to the Crenarchaeota, 0.69–0.81
relative to the Euryarchaeota, 0.73–0.75 relative to
the “Korarchaeota,” and 0.59–0.70 relative to bacte-
rial species. This indicated that the tiny cocci, whose
proposed name is Nanoarchaeum equitans (“the dwarf
archaeon, riding the fire sphere”), represented a thus
far unknown phylum of Archaea, which we called
Nanoarchaeota.

Physiology

The host organism of N. equitans, Ignicoccus sp. strain
KIN4/I, can be grown equally well alone and in co-
culture with N. equitans. Growth of this Ignicoccus
species is unchanged or only slightly retarded in the
presence of N. equitans, and similar cell densities are
reached in the presence of the small cocci. Under
standard cultivation conditions in closed vessels, the
final cell density of N. equitans is in the range of the
cell density of the host cells (about 2×107 cells/ml).
About 30–40% of the Ignicoccus cells are occupied
with N. equitans cells (average two to three N. equi-
tans cells per occupied Ignicoccus cell). Minimal dou-
bling times of about 60 minutes for Ignicoccus and 45
minutes for N. equitans were determined for such a

co-culture. At the end of the stationary growth
phase, the majority of the Ignicoccus cells are covered
with at least ten N. equitans cells. During cultivation
in fermenters, a significant influence of the gassing
rate on the cell concentration of N. equitans was
detected. By increasing the gas supply from 1 to 20
l/min (H2 :CO2 =80:20), the cell density of N. equi-
tans could be raised about tenfold (final density about
3×108/ml), while the final cell density of Ignicoccus
remained unchanged. Interestingly, about 70% of
the N. equitans cells detached from the host cells and
were found free in suspension. Further experiments
using different gas mixtures demonstrated that this
effect is not based on an improved supply of, for
example, molecular hydrogen as electron donor, but
is the consequence of gas stripping of H2S, the main
metabolic end product of Ignicoccus.

Like the other Ignicoccus species described so far (I.
islandicus and I. pacificus), Ignicoccus sp. strain KIN4/I
is a hyperthermophilic archaeon that requires strict
anoxic conditions. The only electron donor is molec-
ular hydrogen, which is “freely available” at the site
where the original sample was taken, the Kolbein-
sey Ridge. As electron acceptor, only elemental sulfur
is used. The fixation of CO2 for the production of
biomass is performed by a pathway unknown so far
(U. Jahn, H. Huber & G. Fuchs, unpublished), which
is, in particular, different to the modified 3-hydroxy-
propinate cycle recently described for members of
the Sulfolobales (Hügler et al., 2003). Accordingly,
two main products are formed by Ignicoccus cells
during growth, H2S and biomass. In contrast, cells 
of N. equitans, after physical separation from their
host Ignicoccus, do not grow alone in any artificial
medium, either autotrophically or heterotrophically,
not even on lysed Ignicoccus cells or other cell
extracts. All cultivation experiments undertaken so
far show that, for thriving of N. equitans cells, a direct
contact to the surface of Ignicoccus sp. strain KIN4/I
is mandatory. As a consequence of this dependence,
comparable ranges of growth temperature, pH, and
salt strength were observed for N. equitans and Ignic-
occus sp. strain KIN4/I.

Genome and genes

With a size of only 490,885bp N. equitans has the
smallest archaeal genome and one of the smallest
genomes known today. It consists of a single, circu-
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lar chromosome with an average G+C content of
31.6%. So far, a total of 552 coding DNA sequences
(CDS) have been annotated (Waters et al., 2003),
exhibiting the highest gene density known, with
CDS and stable RNA sequences covering about 95%
of the genome. Putative functions could be assigned
to about 62% of the annotated genes.

The interdependence between N. equitans and its
host has been further substantiated by the fact that
genes for many metabolic and biosynthetic pathways
could not be identified, and are likely to be absent.
Specifically, N. equitans does not exhibit any genes
enabling it to perform a chemolithoautotrophic
mode of life, as Ignicoccus does. Furthermore, almost
all genes coding for enzymes involved in the biosyn-
thesis of lipids, cofactors, amino acids, or nucleotides,
as well as genes for glycolysis/gluconeogenesis, the
pentose phosphate pathway, the tricarboxylic acid
cycle, and carbon assimilation could not be found
(Waters et al., 2003). These results suggest that N.
equitans cells may to a certain degree take up metabo-
lites and cell components from their host (see also
below). The conclusion, however, that N. equitans is
a “parasite” has to be made with some care, as a sig-
nificant fraction of genes does not show any similar-
ity to genes in the databases, or show similarities to
genes coding for “hypothetical proteins.” In this
respect, two further aspects of the N. equitans genome
are worth mentioning: (i) according to the annota-
tion achieved, it only has a limited amount of mem-
brane proteins/transporters, compared to other
Archaea; (ii) only five or possibly six subunits of the
membrane-bound ATPase could be annotated, i.e. it
might be either a rudimentary or a reduced version
of this type of enzyme. Whether it is able to function
as an ATP synthase in vivo remains to be shown. The
question is still unanswered as to whether N. equi-
tans cells are capable of producing sufficient amounts
of ATP for metabolic and transport processes, or has
to import this molecule. In the meantime, new
enzymes have been detected and analyzed for meta-
bolic pathways in various Archaea, like glycolytic
enzymes in Pyrococcus furiosus and Sulfolobus solfatari-
cus (Verhees et al., 2003) and in Thermoproteus tenax
(Siebers et al., 2004), as well as enzymes used for
CO2 fixation/assimilation in Sulfolobales (Hügler et
al., 2003). Therefore, it cannot be excluded that in
N. equitans novel enzymes, so far completely
unknown and undetectable on the gene level, might
be present.

In contrast to its paucity of metabolic genes, N.
equitans harbors a large set of genes coding for
enzymes involved in information processing, DNA
recombination and repair, and cell cycle (Waters 
et al., 2003). This is in contrast to many obligate bac-
terial parasites with small genomes that have lost
recombination/repair enzymes (Moran, 1996; Tamas
et al., 2002).

A highly remarkable characteristic of the N. equi-
tans genome is the high number of split genes whose
gene products are encoded by two unlinked CDS that
are expressed separately to form subunits of a func-
tional enzyme (e.g. two subunits of alanyl-tRNA syn-
thetase). Similarily, the reverse gyrase is coded by
two half genes encoding a helicase and a topoiso-
merase domain. Very recently a riddle in the anno-
tation of the N. equitans genome was solved.
Originally, four tRNA genes could not be assigned
(Glu, His, Trp, and initiator Met). By the develop-
ment of a computational approach searching for
tRNA signature sequences, nine genes encoding for
tRNA halves were detected (Randau et al., 2005a).
These halves were demonstrated to mature to full
size tRNAs and thus gain acceptor activity. In the
meantime biochemical evidence was also presented
for the computationally predicted joined tRNAs des-
ignated as tRNA (Trp), which could be identified as
tRNA (Lys) (Randau et al., 2005b). Therefore, N.
equitans harbors the complete set of tRNA species: it
exhibits 44 tRNAs and can read all 61 sense codons.

Whether the occurrence of split genes (like those
for tRNAs) in N. equitans is a sign of an ancient
genome or is the consequence of a later process of
gene reduction is an open question. Nevertheless,
the genetic conservation of split genes, along with
the paucity of pseudogenes and a minimum of non-
coding DNA (below 5%) suggests that the N. equitans
genome is evolutionarily stable compared with many
bacterial parasites (Waters et al., 2003).

Ultrastructure

At first glance, N. equitans cells are exceptional due
to their extremely small size. Their diameter, as
observed in transmission electron micrographs of
ultrathin sections, varies from 0.35 to 0.5µm, with a
mean of about 0.4µm, and is, therefore, the smallest
coccoid Archaeum known today. Because the cells
are regular cocci, their volume can be estimated to
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about 0.034µm3 only. For comparison, average cell
dimensions and volumina are listed in Table 5.1 for
cells of the bacterial genus Escherichia, the archaeal
genera Sulfolobus, Aeropyrum, Thermoproteus, Ther-
mofilum, Pyrococcus, Methanococcus, Methanothermobac-
ter, and, finally, the host Ignicoccus. This demonstrates
that the volume of an N. equitans cell is at least one
to two orders of magnitude smaller than that of most
archaeal cells (in comparison to its host, Ignicoccus,
even two to three orders of magnitude).

Electron micrographs of ultrathin sectioned 
cells, prepared by cryo-immobilization and freeze-

substitution, and of freeze-etched cells helped to
unravel the structures that might be involved in the
cell–cell interaction of Ignicoccus and N. equitans (Fig.
5.1a, b). The two Archaea have fundamentally dif-
ferent cell surface structures: Ignicoccus cells are
remarkable in not synthesizing any kind of stabiliz-
ing cell wall polymer, like S-layers (Baumeister &
Lembcke, 1992; Engelhardt & Peters, 1998) or
pseudomurein (Kandler & König, 1993). Instead,
they are surrounded by two membranes, a cytoplas-
mic membrane and an outer membrane, jointly
delineating a huge periplasmic space, which is
between 20 and 400nm wide (Huber et al., 2000;
Rachel et al., 2002b). Its volume is larger than that
of the cytoplasm, and it contains membrane-
bounded vesicles, which bleb off the cytoplasmic
membrane. In contrast, the cell envelope of N. equi-
tans cells is, in its basic architecture, similar to most
other archaeal cells, consisting of a cytoplasmic
membrane, about 6–8nm wide, a periplasmic space
of constant width, 20nm and, as outermost sheath,
an S-layer. For N. equitans, it was shown to consist of
protein complexes with p6 symmetry and a center-
to-center distance of about 15nm, as revealed by
relief reconstruction (Huber et al., 2002a, 2003b;
Schuster and Rachel, in preparation).

On transmission electron micrographs of N. equi-
tans, various states of cell division were observed.
This is in line with the identification of a gene
homologous to ftsZ (Waters et al., 2003), a protein
known to be involved in cell division processes in
most Bacteria and Euryarchaeota (which has so far
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Table 5.1 Dimensions and volumina of prokaryotic
cells.

Cell
dimensions Total volume 

Genus (µm × µm) of cell (µm3)

Nanoarchaeum 0.4 0.034
Escherichia 0.8 × 3.0 1.508
Sulfolobus, Aeropyrum, 1.0 0.524

Pyrococcus, 
Methanococcus

Thermoproteus, 0.5 × 5.0 0.982
Methanothermobacter

Thermofilum 0.2 × 10.0 0.314
Ignicoccus: small cell 1.5 1.767

large cell 5.0 65.45

(a) (b)

Fig. 5.1 Transmission electron micrographs of cells of Ignicoccus sp. strain KIN4/I with cells of Nanoarchaeum
equitans: (a) freeze etching, showing dividing cells of N. equitans; (b) thin section (bar: each 0.5µm).
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not been found in Crenarchaeota), and which is, in
its fold and three-dimensional structure, similar to
tubulin subunits of eukaryotic cells (van den Ent 
et al., 2001).

The visualization of the site of interaction between
N. equitans and Ignicoccus is hampered by: (i) the lack
of a stabilizing cell wall polymer in the Ignicoccus cells;
(ii) the low final cell density reached; and (iii) the
low diameter of the N. equitans cells. Only a small
fraction of electron micrographs shows some detail
of the corresponding area: the N. equitans cell surface
appears to be in direct attachment with or at least
very close to the outer membrane of Ignicoccus cells
(Fig. 5.1a, b). At these contact sites, the Ignicoccus
cytoplasmic membrane is in close vicinity to the
outer membrane, suggesting that the cytoplasma
and/or the cytoplasmic membrane are also involved
in establishing and maintaining the interaction 
to N. equitans. Whether the – so far only rarely
detectable – extracellular appendages of both arch-
aeal cells are also involved in the interaction remains
to be elucidated.

Lipids

Comparison of the membrane lipids of N. equitans
and its host Ignicoccus revealed that both organisms
harbor simple and qualitatively identical lipids, with
differences in the relative amounts of certain com-
ponents (Jahn et al., 2004). As in most Archaea, the
total lipid extract contains archaeol and caldarchaeol
as the main core lipids. The phytanyl side chains are
fully saturated phytane or biphytane, and the glyc-
erol backbone is glycosylated with either mannose
(about 95%) or glucose (about 5%). A significant
quantitative difference was obtained for the relative
amount of biphytane: purified N. equitans cells
contain only half the amount of Ignicoccus sp. strain
KIN4/I cells. Patterns of 13C-fractionation of N. equi-
tans and Ignicoccus isoprenoid chains is almost identi-
cal in both organisms (Jahn et al., 2004), suggesting
that N. equitans does not synthesize its own lipids.
Instead, they are imported into the N. equitans cells
by an as yet unknown mechanism, which, however,
must be in some way selective to explain the differ-
ence in the relative abundance of, for example,
biphytane. In this context it is worth mentioning that
the lipid contents of the cytoplasmic and the outer
membrane of Ignicoccus are slightly, but significantly,

different: the latter harbors no caldarchaeol, and
therefore no biphytane.

Distribution of the Nanoarchaeota

Marine and terrestrial high temperature environ-
ments have been screened for the presence of
nanoarchaeal 16S rRNA gene sequences using
Nanoarchaeota-specific primers for PCR followed by
sequencing (Hohn et al., 2002). From fragments of
an abyssal black smoker situated at the East Pacific
Rise (9°N; 104°W; Alvin dive no. 3072; sample
LPC33), a sequence was obtained that was identical
with the original sequence of N. equitans. Interest-
ingly, Nanoarchaeota sequences were also found in
terrestrial high temperature environments (Hohn et
al., 2002). The corresponding samples had been
taken from Obsidian Pool at Yellowstone National
Park (“OP9”; water and black sediment; t = 80°C; pH
6.0) and from a little hot waterhole with blackish,
vigorously gassed water at Caldeira Uzon, Kam-
chatka (“CU1”; water and black sediment; t = 83°C;
pH 5.5). These terrestrial sequences revealed about
93% similarity to each other and only about 83%
similarity to the (marine) LPC33 sequence and to N.
equitans. These results demonstrate a great phyloge-
netic diversity and a worldwide distribution of the
Nanoarchaeota within high temperature biotopes,
from the deep sea to shallow submarine areas to ter-
restrial solfataric fields.

Phylogeny

Environmental DNA from different high tempera-
ture biotopes was shown to contain 16S rDNA genes
closely related to N. equitans (see above). All these
environmental sequences show the same features as
the 16S rDNA of N. equitans, with base exchanges at
otherwise “conserved” sites, pointing to a significant
and close relationship. They form a separate and
stable cluster in 16S rRNA based phylogenetic trees
(bootstrap support 98–100%), distinct from the
other three archaeal phyla. In addition, all
approaches yielded essentially the same deep place-
ment of the Nanoarchaeota lineage within the
Archaea, irrespective of the algorithms used, e.g.
neighbor joining, maximum parsimony, or
maximum likelihood (Fig. 5.2). However, the exact
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placement of the branching point of the Nanoar-
chaeota is an open question, because it varies signif-
icantly depending on the algorithm and the
domain-specific filter sets applied (Huber et al.,
2003a). The same situation is true for 23S rRNA data

sets. Concatenation and alignment of the amino acid
sequences of 35 ribosomal proteins of N. equitans
revealed with high boot strap support a most deeply
branching position within the Archaea, suggesting
that the Nanoarchaeota diverged early within the
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Methanobacterium thermoautotrophicum, Z37156
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Methanococcus voltae, M59290
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Ignicoccus islandicus, X99562

Aeropyrum pernix, D83259

Pyrolobus fumarii, X99555
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“Nano-
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Fig. 5.2 Phylogenetic tree based on 16S rRNA sequence comparisons. The tree was calculated using the
maximum likelihood (FastDNAml) program, embedded in the ARB package (Ludwig & Strunk, 2001).
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Archaea and represent an independent lineage
(Waters et al., 2003).

This independent phylogenetic position of the
Nanoarchaeota was questioned, using other compu-
tational approaches of concatenated ribosomal pro-
teins from 25 archaeal genomes (Brochier et al.,
2005b). It was suggested that the Nanoarchaeota,
instead of being a separate deep branch within the
Archaea, represent a highly derived lineage, possibly
related to the Thermococcales. However, the same
authors have published an updated phylogenetic
analysis with an extended dataset (including new
taxa) of core proteins involved in translation and
transcription and using modified computational
analyses (Brochier et al., 2005a). These results con-
firmed strongly the emergence of N. equitans as a sep-
arate branch distinct from the Crenarchaeota and
Euryarchaeota lineages. Nevertheless, some uncer-
tainty remains concerning the phylogenetic position
of N. equitans, due to the unknown extent of a 
possible lateral gene transfer between N. equitans
and other Archaea or the effects of long branch
attractions.

Outlook

The discovery of N. equitans and of related environ-
mental 16S rDNA sequences has significantly
increased our knowledge of the diversity of Archaea
and of hyperthermophiles. Despite the results
obtained so far and presented here (based on direct
studies on the co-culture), including the analyses of
the whole genome sequence of N. equitans, several
open questions exist as to its physiology, biochem-
istry, and interaction with the host organism Ignicoc-
cus sp. strain KIN4/I. In this respect the outcome of
the sequencing of the Ignicoccus genome is eagerly
awaited. It may give us further clues to the sub-
strates and molecules that might be transferred from
one organism to the other and possible transport
mechanisms.

The isolation of N. equitans and the discovery of
further nanoarchaeotal 16S rDNA sequences also
demonstrate that environmental diversity studies

solely based on PCR-amplified 16S rRNA genes
should be interpreted cautiously. So-called “univer-
sal” PCR primers will only reveal environmental
sequences with 16S rRNA target sequences identical
or at least similar to cultivated species. Novel
sequences (and organisms) with rRNA sequences too
different to be recognized by the primers applied
remain undetectable. The discovery of the Nanoar-
chaeota, however, suggests a much greater diversity
of microbial life on Earth than it was formerly
expected. Furthermore, it implies the existence of life
forms, still unrecognizable by PCR gene amplifica-
tion, that await discovery and cultivation.

The question remains whether other (or all) rep-
resentatives of the Nanoarchaeota are as tiny as N.
equitans and exhibit the same mode of life, strictly
depending on a host organism. Phylogenetic staining
experiments using a Nanoarchaeota-specific probe,
carried out with enrichment cultures of the sample
CU1 from Kamchatka, revealed the attachment of
tiny cocci to rod-shaped organisms (related to
Pyrobaculum). However, the isolation of this co-
culture has not yet been achieved.

It has been argued (Makarova & Koonin, 2005)
that N. equitans, with hardly any metabolic genes, an
absence of operons, and a noticeable occurrence of
split genes, might be a derived organism, with a 
massively reduced gene set, and not an ancestral
archaeon. At present, this interpretation is based
purely on comparative genomic predictions. In
future, this open discussion calls for experimental
feedback, e.g. by analyzing the expression of genes
and studying the function of a high number of pro-
teins, especially in comparison with the host organ-
ism Ignicoccus sp. strain KIN4/I. In addition, the
enrichment and isolation of further representatives
of the Nanoarchaeota would fundamentally help to
elucidate the origin, lifestyle and evolution of these
fascinating organisms.

In general, the discovery of N. equitans has already
stimulated and will further stimulate discussions 
on the origin of life, minimal cell sizes, gene trans-
fers, and evolution of genes and gene clusters (e.g.
Andersson et al., 2005; Brochier et al., 2005a;
Randau et al., 2005a, b; Stetter et al., 2005).
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Introduction

By the time of discovery of the domain Archaea, in the late 1970s, there were two known viruses from this
domain. Both infected extreme halophiles of the genus Halobacterium, had double-stranded (ds) DNA
genomes, and resembled morphologically head-tailed bacteriophages from the family Myoviridae (Torsvik &
Dundas, 1974; Wais et al., 1975). Later, more dsDNA viruses of extreme halophiles and methanogenes were
discovered. They were also typical head-tailed phages, with non-enveloped virions carrying icosahedral heads
and helical tails, contractile or non-contractile, and belonged to the bacteriophage families Myoviridae and
Siphoviridae, respectively (reviewed by Dyall-Smith et al., 2003). The myovirus ΦH of Halobacterium salinarum
was studied in some detail in the laboratory of Wolfram Zillig. In addition to structural resemblance, it revealed
resemblance to bacterial myoviruses in its molecular characteristics. The mode of DNA replication and the
type of the lysogeny, conferred to the host cell by a circular plasmid, were similar to those of the bacterio-
phage P1. The observations suggested common ancestry of archaeal and bacterial head-tailed phages (Zillig
et al., 1996). In accord with this distinction, the sequenced genomes of phages of extreme halophiles, such
as Chi1, HF1/2, or ΨM encode many proteins homologous to bacteriophage capsid proteins (reviewed by
Prangishvili et al., 2006).

Nothing seemed to be unusual in the discovery of similarities between archaeal and bacterial viruses, con-
sidering that most cellular characteristics of Archaea resemble those of Bacteria. Moreover, given the exis-
tence of an extensive horizontal gene transfer between Bacteria and Archaea (Koonin et al., 1997, 2001;
Lawrence & Hendrickson, 2003), it could even be anticipated that archaeal viruses would represent distinct
phage varieties. Thus, isolation by Wolfram Zillig and colleagues of several dsDNA viruses of Archaea with
unusual morphology appeared rather unexpected. These viruses infect hyperthermophilic Archaea from the
kingdom Crenarchaeota, and their morphotypes are so unusual that it was impossible to assign them to the
known viral families. For their classification four novel viral families had to be established: Fuselloviridae,
Lipothrixviridae, Rudiviridae and Guttaviridae (reviewed by Zillig et al., 1994, 1996; Prangishvili et al., 2001).
These families have been approved by the International Committee on Taxonomy of Viruses (ICTV).

Later, studies in different laboratories have revealed that viruses with diverse exceptional morphologies are
not just an oddity but represent a general picture of viral diversity in geothermally heated hot habitats, where
hyperthermophilic Crenarchaea dominate (reviewed by Prangishvili, 2003). Numerous unusual shapes of viral
particles associated with hyperthermophilic Crenarchaea were observed in single enrichments from samples
from hot terrestrial springs (Rice et al., 2001; Rachel et al., 2002a; Häring et al., 2005a). Several dsDNA viruses
isolated from these enrichments revealed virion structure previously never observed in nature. For their clas-
sification, three novel viral families have been proposed: Globuloviridae, Ampullaviridae, and Bicaudaviridae
(reviewed by Prangishvili & Garrett, 2005). Approval of these families is pending at the ICTV.

6
Families of DNA viruses infecting
hyperthermophilic Crenarchaea

David Prangishvili
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Common features of 
crenarchaeal viruses

Hosts of all the cultured viruses of Crenarchaeota are
members of the genera Sulfolobus, Acidianus, Thermo-
proteus, and Pyrobaculum. For all of these hyperther-
mophiles, which grow optimally at 80°C or above,
viral infection occurs most effectively at about 80°C,
such that the viruses can also be considered to be
hyperthermophiles. The viruses are also extremely
thermostable, e.g. thermal inactivation of unen-
veloped rod-shaped rudiviruses requires autoclaving
at 121°C for at least 40 minutes. Infectivity of viruses
of the anaerobic Thermoproteus and Pyrobaculum is
unaffected by exposure to oxygen.

By contrast to dsDNA viruses of bacteria, which
eventually cause death and lysis of host cells, crenar-
chaeal viruses, except TTV1 and ATV, are nonlytic.
Most of them do not vanish from the infected host
culture even after prolonged growth and multiple
dilutions. This is usually interpreted as a result of con-
tinuous replication of a virus in the infected cell, sug-
gesting equilibrium between virus replication and
host multiplication. However, this suggestion was
never clearly verified. Whatever the mechanism of a
stable persistence of viruses in host cells (or host cul-
tures) is, it is obvious that generous virus–host rela-
tionships could be beneficial for the virus population
to avoid prolonged direct exposure to extremely
harsh environmental conditions. In line with this sug-
gestion are reports on extremely low number of virus
particles in hot acidic springs compared to any other
environments (Breitbart et al., 2004). Under labora-
tory conditions, replication of most of the nonlytic
crenarchaeal viruses cannot be enhanced by treat-
ment of virus-infected cultures with stress factors
such as mitomycin C (0.5µg/ml) or UV radiation.

Family Lipothrixviridae

This family includes the highest number of known
species among the crenarchaeal viral families. Virions

are filamentous, mostly flexible, and enveloped.
Envelopes of all known species contain virus-
encoded proteins and, except AFV3, lipids. The
genomes are linear dsDNA, 15.9–56kbp. The struc-
tures of virion termini and inner cores are diverse,
and due to this diversity, as well as differences in pre-
sumable replication strategies, four genera have been
established in the family.

Genus Alphalipothrixvirus

Species: Thermoproteus tenax virus 1, TTV1 (Janekovic
et al., 1983; Neumann, 1988; Rettenberger, 1990);
genome sequence accession no. X14855 (85% 
of DNA). Presently does not exist under laboratory
collections.

Virion morphology and constituents. Virions
of the sole member of the genus, the virus TTV1, are
rigid rods, about 400nm in length and 38nm 
in width (Fig. 6.1a). Their structure and composition
were studied by TEM and chemical analysis of 
partially deteriorated particles after treatment with
non-ionic detergents and octylglycoside. The 
envelope was found to have a bilayer structure and
to contain proteins, isoprenyl ether lipids, and 
glycolipids. It encases a helical core, consisting of
DNA and at least two highly basic DNA-binding 
proteins, of 12.9 and 16.3kDa. Among two other
identified structural proteins one, of 18.1kDa, was
found in the envelope. The location of the 
other structural protein (24.5kDa) could not be
determined.

Host range and virus–host interactions. Host
range is limited to Thermoproteus tenax. Adsorption
and infection proceed via interaction of the terminal
protrusions of the virion with pili of the host cell.
Virus is temperate and virions are released by lysis.
It could be shown that mature virions assemble in
the host cell lumen prior to their release. The origin
and nature of morphogenetic proteins enabling the
assembly of virus envelope remain unclear. The viral
DNA exists in cells in linear form, and fragments 

Our present knowledge on seven virus families infecting hyperthermophilic Crenarchaea is summarized
here. Virion structure and constituents, and virus–host interactions, are described separately for each family.
Sequences of dsDNA genomes of all viruses are discussed jointly, in accordance with the idea that crenar-
chaeal viruses form a distinctive group, unrelated to any other viruses, with a small pool of shared genes and
a unique origin, or more likely, multiple origins (Prangishvili & Garrett, 2005; Prangishvili et al., 2006).
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of viral DNA have been detected in the host 
chromosome.

Genome and its variation. The termini of the
15.9kb long linear DNA was reported to be masked
by hydrophobic ligands, which could not be removed
by proteases. Therefore only about 85% of the
genome sequence could be determined.

An unknown mechanism of genome variation
was observed (Neumann & Zillig, 1990). Viruses iso-
lated from different colony-purified strains of T. tenax
showed evidence of insertion/deletions in their
linear genomes ranging in size from 30 to 102bp.
They were detected within two limited regions of the
TTV1 genome, both of which show low complexity
nucleotide sequences and probably do not encode
proteins. The two regions contain multiple short,
imperfect, repeat structures, suggesting that recom-

bination events may occur. The inserted sequences
presumably arose either from host chromosome or
from other extra-chromosomal elements within the
same host.

Genus Betalipothrixvirus

Species: Sulfolobus islandicus filamentous virus, SIRV
(Arnold et al., 2000b); genome sequence accession
no. AF440571 (96% of DNA).

Virion morphology and constituents. 
Virions are flexuous filaments, about 1950nm in
length and 24nm in width (Fig. 6.1b). The ends of
the virion taper and end in mop-like structures in
which six tail fibers are attached in a terminal thick-
ening (Fig. 6.1b, inset). The tail fibers appear as

(a)

(b)

(c)

(d)

Fig. 6.1 Electron micrographs of virions of representatives of four genera of the family Lipothrixviridae. (a)
Alphalipothrixvirus TTV1; (b) betalipothrixvirus SIFV; (c) gammalipothrixvirus AFV1; (d) deltalipothrixvirus
AFV2. In insets (b, c) terminal structures magnified from the corresponding electron micrographs; (c) three-
dimensional reconstruction of the virion termini. Virions were negative stained with 3% uranyl acetate. Bars: (a)
100nm; (b) 500nm, in inset 50nm; (c) 100nm; (d) 200nm. (a, b, Courtesy of Wolfram Zillig; c, modified from
Bettstetter et al., 2003; d, modified from Häring et al., 2005c.)
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angled rods formed by two legs of about equal
length.

The virion consists of at least six proteins. Two
major proteins, of 17 and 25kDa, are present in
equal amounts and are involved in the formation of
the virion core. Three-dimensional reconstruction 
of the core by image analysis depicted two stacks of
doughnut-like subunits, around which, it was sug-
gested, the linear dsDNA was wrapped. The envelope
of the virion, encasing the core, is about 4nm thick.
It was shown to contain integral protein component
and host-derived phospholipids, differing from 
those of the host membrane both quantitatively and
qualitatively.

Host range and virus–host interactions. Host
range is limited to S. islandicus strains HVE11/2
(natural host) and HVE10/4 (indicator strain), both
isolated from the same hot spring of a solfataric field
in Hveragerdi, Iceland. Neither significant amounts
of cell debris nor a decrease in cell density was
observed in infected host cultures. Upon infection,
cultures were inhibited in their growth but eventu-
ally surmounted this inhibition and reached the
same cell density as the uninfected control culture.
Due to growth inhibition, plaque assay could be
established on a lawn of S. islandicus HVE10/4. The
latent period (the time interval between infection
and release of the first virus particles) was equal to
6–8 hours. Integration of viral DNA into the host
chromosome was not observed, and continuous
growth of the infected cell culture for several weeks
with multiple successive transfers into fresh medium
resulted in virus segregation.

It was suggested that viral receptors are located
within the host membrane, and that conformational
changes in the virion termini occur at an initial phase
of adsorption: the mop-like terminal structures
unfold like spiders’ legs prior to attachment to the
cell membranes.

Mature enveloped virions could be observed in
host cells. Apparently, they are assembled and
wrapped into their envelopes in host cell lumen prior
to the extrusion, rather than in its course.

Genome. The termini of the linear dsDNA
genome are modified in unknown manner, preclud-
ing exonucleolytic degradation from 3′ and 5′ ends
and sequencing this part of the genome. The remain-
der of the genome (about 97%) has been sequenced
and comprises 40,852bp, including inverted termi-
nal repeats.

Genus Gammalipothrixvirus

Species: Acidianus filamentous virus 1, AFV1
(Bettstetter et al., 2003); genome sequence accession
no. AJ567472.

Virion morphology and constituents. Virions
are enveloped flexuous filaments, about 900nm in
length and 24nm in width (Fig. 6.1c). They consist
of five major proteins with molecular masses of 130,
100, 80, 30, and 23kDa, and modified host lipids.
The envelope is 3–4nm thick and can be removed by
treatment with detergents. Both ends carry identical
claw-like structures with a diameter of 20nm.

Genome. The linear dsDNA genome is 20,869bp
long. The nature of the ends of the linear genome is
presently unknown. In restriction digests of the DNA
terminal fragments are underrepresented and their
relative molarities were estimated to be about half of
those of the non-terminal fragments. Sequences of
the terminal regions are unusual. The short inverted
terminal repeat CGGGGGGGGG is followed at either
end by an approximately 350bp region containing
numerous short direct repeats of the pentanucleotide
TTGTT and close variants thereof. The structural
design is reminiscent of the telomeric ends of linear
eukaryal chromosomes.

Host range and virus–host interactions.
Natural hosts for the viruses are several isolates, all
belonging to the genus Acidianus, from a hot, acidic
spring in Yellowstone National Park, USA: “Acidianus
hospitalis” strains YS6, YS7, OV5, OV9–13. Indicator
strains, in which the virus can be replicated under
laboratory conditions, are “A. hospitalis” strains YS8,
YS9, and W1, isolated from the same spring as the
natural hosts. In addition, the virus infects the type
strain of the genus Acidianus, Acidianus infernus.

Viral receptors appear to be located on the pili of
host cells rather than within the membrane. Adsorp-
tion of virions to the cell surface was never observed.
Instead, virions were often observed attached to host
pili. The two unusual termini of the virion appear to
have a special function in the process of adsorption.
As a result of adsorption to the host receptor the claw
folds and keeps a virion firmly attached to a pilus.

During a cycle of productive infection with AFV1
neither the formation of any significant amounts of
cell debris nor a decrease in cell density were
observed. As a result of infection, host growth nearly
completely stopped. Later, it slowly recovered,
however, with a generation time of 20 hours in 
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contrast to a generation time of 11 hours for unin-
fected cells. Eventually infected cells reached a
density identical to the uninfected control culture.
Retardation of host growth could not be used for the
development of plaque assays, since none of the hosts
is capable of lawn formation. The latent period of virus
infection was measured by detection of intracellular
viral DNA, and was equal to 4 hours. Infected host cell
cultures were not cured of the virus after several suc-
cessive transfers into fresh medium and continuous
growth for at least 4 months. Integration of viral
genome into the host chromosome was not observed.

Genus Deltalipothrixvirus

Species: Acidianus filamentous virus 2, AFV2 (Häring
et al., 2005b); genome sequence accession no.
AJ854042.

Virion morphology and constituents. Virions
are flexuous filaments, about 1100nm in length and
24nm in width (Fig. 6.1d). They are enveloped with
a 3–4nm thick envelope which can be removed by
treatment with detergents. Both ends of virions
present identical structures. Analysis by electron
tomography revealed that each terminus constitutes
a complex collar with two sets of filaments, resem-
bling a bottle brush with a solid cap 17nm in diam-
eter on its top.

The virion carries seven major proteins with
molecular masses of 65, 50, 45, 40, 35, 26, and 6kDa.
By contrast to other members of the Lipothrixviridae,
no lipid component could be extracted from virus
particles.

Host range and virus–host interactions. The
natural host of the virus is an Acidianus sp. AciF28 iso-
lated from a hot, acidic spring of a solfataric 
field of Pozzuoli, Italy, and closely related to Acidianus
brierleyi. The virus host is devoid of pilus-like struc-
tures, and virions attach directly to the cell surface.
The terminal structures appear to be involved in
adsorption. No conformation changes could be
detected in these structures upon adsorption.

On production of AFV2, neither cell debris nor a
decrease in cell density was observed in the growing
culture of the host strain. Infected cells were not
cured of the virus after five successive dilutions in
fresh medium, and continuous growth for, at least,
2 months. No circular or integrated form of viral
DNA was observed in host cells.

Genome. The genome is linear dsDNA that is
31,787bp long. The nature of the ends of the linear
genome could not be elucidated. No inverted repeats
or other symmetrical sequences are present in the
terminal regions. The genome contains an unusual
1008 region close to the center and bordered by a
short inverted repeat, which carries two large 46bp
direct repeats and multiple imperfect short repeats
throughout the region. Its base composition is
strongly biased, with one DNA strand containing
only guanosines. This region may constitute the
origin of replication. Moreover, the central part 
of the genome also contains a tRNALys gene with a
12bp archaeal intron. Remarkably, a tRNA gene has
so far not been detected in other crenarchaeal viral
genomes.

Family Rudiviridae

Genus Rudivirus

Species: Sulfolobus islandicus rod-shaped virus 1,
SIRV1 (Prangishvili et al., 1999; Blum et al., 2000;
Peng et al., 2000, 2004); genome sequence accession
no. AJ414696; Sulfolobus islandicus virus rod-shaped
virus 2, SIRV2 (Prangishvili et al., 1999; Peng et al.,
2000); genome sequence accession no. AJ344259;
Acidianus rod-shaped virus 1, ARV1 (Vestergaard 
et al., 2005); genome sequence accession no.
AJ875026.

Virion morphology and constituents. Virions
are unenveloped rod-shaped particles (Fig. 6.2), with
widths of 23nm and different lengths, proportional
to the length of their linear dsDNA genomes: SIRV2,
900nm long with 35kb DNA; SIRV1 830nm long
with 32.3kb DNA, and ARV1, 610nm long with
24,655kb DNA. The virions consist of a tube-like
superhelix formed by the DNA and a single basic,
glycosylated DNA-binding protein of 14.4kDa. The
tube carries plugs, about 50nm long, at each end. In
the plug-like termini of virions three tail fibers are
anchored, each about 10nm in length and about 
3nm in width. It is most likely that the second
protein component of the virion (about 124kDa) is
associated with tail fibers. In virions no lipid compo-
nent could be detected.

Host range and virus–host interactions.
Natural hosts for SIRV1 and SIRV2 are S. islandicus
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strains KVEM10H3 and HVE10/2, respectively, iso-
lated from hot acidic springs at two different solfa-
taric fields in Iceland, Kverkfjöll and Hveragerdi.
Under laboratory conditions both viruses replicate in
S. islandicus strains LAL14/1, KVEM10H1, HVE6/3,
and HVE10/4, but only SIRV1 replicates in S. islandi-
cus KVEM10H1. The natural host for ARV1 is Acidi-
anus sp. Acii26, isolated from an acidic, hot spring 
in Pozzuoli, Italy. Under laboratory conditions the
virus also replicates in two other species of Acidianus,
isolated from the same hot spring as the natural host,
Acidianus sp. AD1 and Acidianus pozzuoliensis.
Although it was originally suggested that Sulfolobus
rudiviruses absorb to the pili of host cells, later inves-
tigations demonstrated that viral receptors are
present on host cell membranes. The three tail fibers
of the virion appear to be involved in adsorption.

Extrusion of virions is not accompanied by cell
lysis (Fig. 6.2a) and no decrease of cell density or 

formation of cell debris is observed during growth of
the infected host culture. However, virus infection
causes significant retardation of host growth. There-
fore plaque assays could be set up on lawns of S.
islandicus. Latent period is 8 hours for SIRV1 and 6
hours for SIRV2. Infected hosts can be cured of the
viruses upon continuous growth.

Genome, its replication and transcription.
The three genomes contain very long inverted ter-
minal repeats, comprising up to 7% of the total
genome length. The termini of the linear genomes
are covalently modified: the two DNA strands are
covalently linked at the ends, generating a 4bp loop
that is susceptible to Bal31 endonuclease.

Different species show different degrees of
genome stability. Sequencing of clone libraries of
SIRV2 and ARV1 showed no evidence of sequence
heterogeneities even in genomic regions where 
the clone sequence coverage was 10 to 15-fold.
However, the genome of the rudivirus SIRV1 was
found to be extremely unstable. The isolated virus
invariably contained a population of variants with
different but closely related genomes. Upon propa-
gation in a given host strain, one or more genomes
dominate in the viral population. However, upon
passage in a new host strain the viral population
undergoes changes and other variants are selected.
Genome sequencing of the variants and genome
comparisons demonstrated that they contain a few
highly variable genomic regions where deletions/
insertions have occurred, as well as gene transposi-
tions (Peng et al., 2004). Comparison of the variant
genomes also revealed the presence of small genetic
elements, invariably 12bp in length or multiples
thereof, which tend to be concentrated in these vari-
able regions. Although their prevalence in the
genome suggests that they were mobile, they show
no sequence conservation, nor are they flanked by
conserved target sequences for integration or bor-
dered by direct repeats indicative of transposition.
However, some of their transcripts could generate
“bulge–helix–bulge” splicing motifs, characteristic of
archaeal intron splicing junctions. This suggested
that they could have been mobilized at the RNA level
by splicing followed by reverse splicing and reverse
transcription.

The observation of head-to-head and tail-to-tail
linked replicative intermediates in cells infected with
the virus SIRV1 suggested a self-priming mechanism
of replication, similar to that proposed for large

(a)

(b)

Fig. 6.2 Electron micrographs of a cell of S. 
islandicus and virions of SIRV1, a species in the family
Rudiviridae. (a) Extrusion of virions from a SIRV1-
infected cell of S. islandicus. Platinum shadowing. 
(b) A single virion with magnified terminal structure
in the inset. Negative stain with 3% uranyl acetate.
Bars: (a) 500nm; (b) 200nm. (a, modified from
Vestergaard et al., 2005; b, modified from Prangishvili
et al., 1999.)
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eukaryotic dsDNA viruses including poxviruses.
Consistent with this proposal are the similarities in
structures of linear genomes of these archaeal and
eukaryal viruses, including long inverted terminal
repeats (ITRs) and covalently closed termini. More-
over, each of these viruses encodes a Holliday junc-
tion resolvase, which is likely to resolve Holliday
junctions formed during replication.

The large ITRs of the rudiviruses are likely to have
a common function in viral genome replication. They
all carry repeat sequence motifs, which could act as
signals for replication, including the tandem direct
repeats TTTTTTTGC located near the genomic
termini of the SIRV1 genome. Moreover, all of the
rudiviral ITRs contain the internal repeat sequence
AATTTAGGAATTTAGGAATTT located 100–150bp
from the genomic termini. Since this is the only
highly conserved sequence within all three ITRs, it
may be an important signal for DNA replication.

In vivo studies demonstrated a rather simple and
ordered transcriptional pattern for both SIRV1 and
SIRV2, with very few cases of temporal regulation,
consistent with fairly unsophisticated virus–host
relationships (Kessler et al., 2004). SIRV promoters,
like those of their hosts, carry a TATA-like box and a
transcription factor B responsive element. However,
many of them exhibit an additional virus-specific
consensus element, the trinucleotide GTC located
immediately downstream from the TATA-like box.
The same pattern is noticeable for about one-third of
the ARV1 promoter regions, although there was little
evidence of the GTC motif being conserved for
homologous genes in the three viral genomes. The
results underline the probable importance of both
the host transcriptional machinery and virus-specific
factors in generating and regulating viral transcripts.

Family Fuselloviridae

Genus Fusellovirus

Species: Sulfolobus spindle-shaped virus 1, SSV1
(Martin et al., 1984; Palm et al., 1991; Schleper et
al., 1992); genome sequence accession no. XO7234;
Sulfolobus spindle-shaped virus 2, SSV2 (Stedman 
et al., 2003); genome sequence accession no.
AY370762; Sulfolobus spindle-shaped virus, Yellow-
stone 1, SSV-Y1 (Wiedenheft et al., 2004); genome

sequence accession no. AY423772; Sulfolobus spindle-
shaped virus, Kamchatka 1, SSV-K1 (Wiedenheft 
et al., 2004); genome sequence accession no.
AY388628.

Virion morphology and constituents. Virions
are enveloped, spindle-shaped, with a short tail
attached to one of the two pointed ends and measure
about 55–60×80–100nm (Fig. 6.3). The structure of
the virion core, encased by the envelope and appar-
ently responsible for the unusual geometry, has not
been studied. Virions carry three proteins, one of
which is associated with viral DNA, with two others
associated with the envelope. In the literature there
is controversial information on lipid composition of
SSV1. According to the most reliable data, about
10% of the SSV1 envelope consists of modified host
lipids (M. Rettenberger, personal communication).
The lipid compositions of other species in the family
have not been determined.

Host range and virus–host interactions. The
natural host of SSV1 is Sulfolobus shibatae strain B12,
isolated from a hot spring at Beppu, Japan, and that

(a)

(b)

Fig. 6.3 Electron micrographs of a portion of a cell of
S. shibatae and virions of SSV1, a species in the family
Fuselloviridae. (a) Extrusion of virions from a SSV1-
infected cell of S. shibatae. (b) Virions of SSV1.
Samples were negatively stained with 3% uranyl
acetate. Bars: (a) 500nm; (b) 200nm. (Courtesy of
Wolfram Zillig.)
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of SSV2 is S. islandicus isolate REY15/4 from a hot
spring Reykjanes, Iceland. Under laboratory condi-
tions both viruses replicate in Sulfolobus solfataricus
strains P1 and P2. Natural hosts of SSV-Y1 and SSV-
K1 are Sulfolobus species from Yellowstone National
Park, USA, and Kamchatka, Russia, respectively,
both closely related to S. solfataricus. In addition to
their natural hosts, the two viruses replicate in S. sol-
fataricus P2.

The virion tail is involved in adsorption onto the
surface of the host cells. Mature virions were
observed in host cells (Fig. 6.3a), indicating that
coating of the virion by a lipid-containing membrane
is apparently not linked to the budding process.

Virus replication and release are not accompanied
by cell lysis (Fig. 6.3a). However, virus infection
causes significant retardation of host growth and
SSV1 and SSV2 plaque assays could be set up on
lawns of S. solfataricus and S. islandicus, respectively.
Similar to bacterial temperate phages, replication of
SSV1 and SSV2 can be induced, e.g. by UV irradia-
tion, leading to temporary inhibition of host growth.
However, in contrast to bacterial examples of
lysogeny, the host cells are not lysed and eventually
return to the original lysogenic state and normal
growth rate.

In infected host cells the viral genomes are found
integrated into specific attachments sites on the host
chromosomes within tRNA genes (see Chapter 10 in
this volume for details). As well as the integrated
form, the free circular form of viral genome has been
found in host cells.

Genome and its transcription. The viral
genome is covalently closed circular (ccc) dsDNA,
which in the case of SSV1 was shown to be positively
supercoiled, providing one of the first cases of such
DNA observed in nature (Nadal et al., 1986). The
genome sizes are the smallest among crenarchaeal
viruses and are in the range of 14,796bp for SSV2 to
17,385bp for SSV-K1.

Transcription of the SSV1 genome was studied fol-
lowing induction of virus replication, and was instru-
mental in understanding transcription signals in
Archaea (reviewed by Zillig et al., 1993). As in the
case of the rudiviruses, a rather simple and rarely
chronological pattern of transcription was revealed.
Most transcripts were constitutional. Examples of
transcription regulation following induction by UV
irradiation included upregulation of some constitu-
tive transcripts and the appearance of a very short

transcript, suggested to be involved in the initiation
of DNA replication.

Family Guttaviridae

Genus Guttavirus

Species: Sulfolobus newzealandicus droplet-shaped
virus, SNDV (Arnold et al., 2000a). Presently does
not exist in laboratory collections.

Virion morphology and constituents,
genome. The virion is droplet-shaped, ranging in
size from 110 to 185nm in length and from 95 to 
70nm in width, with a pointed end densely covered
by thin fibers (Fig. 6.4). Its core is covered with a
beehive-like structure, the surface of which appears
to be either helical or stacked. In the course of purifi-
cation particles easily deteriorated and even break
apart. Looped filaments were observed to be released
from broken particles. The virion contains three pro-
teins of 17.5, 13.5 and 13kDa. The presence of a lipid
component has not been investigated. The viral

(a) (b)

Fig. 6.4 Electron micrographs of a portion of a cell of
S. newzealandicus and virions of SNDV, a species in the
family Guttaviridae. (a) Extrusion of virions from an
SNDV-infected cell of S. newzealandicus. (b) Virions of
SNDV. Samples were negatively stained with 3%
uranyl acetate. Bars are 200nm. (Courtesy of
Wolfram Zillig.)
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genome is ccc dsDNA, about 20kb in length, and is
extensively modified, most likely by methylation.

Host range and virus–host relationships. The
natural host is Sulfolobus sp. STH3/1, isolated from a
hot spring at Steaming Hill, at Lake Taupo in New
Zealand. Under laboratory conditions it also repli-
cated in several strains of Sulfolobus isolated from the
same environmental sample. Virus release started
only in the early stationary growth phase of host cells
and this did not result in any detectable cell lysis (Fig.
6.4a). However, infection of cell culture with a large
amount of concentrated virus suspension led to an
immediate reduction of the optical density, suggest-
ing partial lysis. Upon prolonged incubation of an
infected culture the virus was lost.

The virion adsorbs to a receptor on the host cell
with its bearded end. Mature virions were observed
in host cells prior to their release.

Family Globuloviridae

Genus Globulovirus

Species: Pyrobaculum spherical virus, PSV (Häring 
et al., 2004); genome sequence accession no.
AJ635162; Thermoproteus tenax spherical virus 1,
TTSV1 (Ahn et al., 2004, and unpublished); genome
sequence accession no. AY722806 (Ahn et al., 2004).

Virion morphology and constituents. The
virions are enveloped, spherical, 100nm in diameter
for PSV (Fig. 6.5a). On the virion surface a variable
number of spherical protrusions, about 15nm in
diameter, is observed. Most likely these protrusions
are involved in adsorption. The envelope encases
tightly packed nucleoprotein in a superhelical 
conformation (Fig. 6.5b). The lipid fraction extracted
from PSV virions had a mobility different from 
host lipids. The major portion of the protein fraction
is represented by multimers of 33kDa protein; 
in addition, two proteins of 20 and 16kDa were 
identified.

Host range and virus–host relationships. The
natural host of PSV, Pyrobaculum sp., was isolated
from Obsidian Pool in Yellowstone National Park,
USA. Under laboratory conditions the virus replicates
in Pyrobaculum sp. D11, isolated from the same envi-
ronmental sample, and in T. tenax. Virus production
did not result in cell lysis, nor did it result in any sig-
nificant increase of the generation time, which is 24
hours. Moreover, host cell membranes in an infected
culture remained intact, indicative of a noncytocidal
infectious cycle.

Genome. The genome is linear dsDNA, 28,337bp
long for PSV, and 20,993bp long for TTSV1. Excep-
tionally for a crenarchaeal dsDNA virus, almost all
recognizable genes of PSV are located on one strand.
The ends of the PSV genome consist of 190bp
inverted repeats that contain multiple copies of short

(a) (b)

Fig. 6.5 Electron micrographs of virions of PSV, a species in the family Globuloviridae, stained with 3% uranyl
acetate. (a) Two intact virions. (b) Two disrupted virions releasing the helical nucleoprotein core. Bars are 
100nm. (Modified from Häring et al., 2004.)
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direct repeats. The two DNA strands appear to be
covalently linked at their termini.

Family Bicaudaviridae

Genus Bicaudavirus

Species: Acidianus two-tailed virus, ATV (Häring 
et al., 2005c); genome sequence accession no.
AJ888457.

Virion morphology and constituents. The
virion exists in two conformations (Fig. 6.6). When
released from the host cell, it is lemon-shaped with
an overall length of 250–300nm and a diameter of
110–120nm (Fig. 6.6b, c). Specifically at tempera-
tures above 75°C, an appendage protrudes from each
of the pointed ends of the virion and the lemon-
shaped virion body shrinks (Fig. 6.6d–h). In fully
developed particles it measures 110–180nm in
length and 70–100nm in width. The two appendages
(tails) at each pointed end have a variable length.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 6.6 Electron micrographs of a cell of A. convivator and different forms of virions of ATV, a species in the
family Bicaudaviridae. (a) Two-tailed virions. (b) Extrusion of virions from an ATV-infected cell of “A. convivator.”
(c) Virions in a growing culture of ATV-infected “A. convivator,” two days post-infection. (d) As for c, but purified
by CsCl density gradient. (e–h) As for d, but incubated at 75°C for 2, 5, 6, and 7 days, respectively. All
preparations were negatively stained with 3% uranyl acetate, except for b, which was platinium shadowed. Bars:
(a–c) 500nm; (d–h) 100nm. (Reproduced from Häring et al., 2005c, with permission.)
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The maximum length of the particle reaches about 
1µm. Protrusion of tails does not require the pres-
ence of host cells, an exogenous energy source, or
cofactors. The only requirement is a temperature in
the range of host growth, above 75°C. The tail has a
tube-like structure with a wall about 6nm thick. It
terminates with a narrow channel, 2nm in width,
and an anchor-like structure formed by two furled
filaments, each 4nm wide. Inside the tube resides a
filament 2nm in width. The virion contains at least
11 proteins with molecular masses in the range of
12–90kDa, as well as modified host lipids.

Adsorption of tail-less particles to host cells or cell-
derived membrane vesicles has not been observed.
Host cells lack any appendages and viral receptors are
apparently located on the cell surface. The anchor-
like structure at the terminus of tails appears to be
involved in adsorption on host cell surface.

Host range and virus–host relationships. The
natural host of ABV is Acidianus sp. isolated from a
hot spring of a solfataric field in Pozzuoli, Italy. Under
laboratory conditions the virus replicates also in Acid-
ianus convivator, an isolate from the same environ-
mental sample as the natural host.

ATV is the only known example among crenar-
chaeal viruses of a typical temperate virus. Infection at
85°C, the optimal temperature for host growth, results
in integration of the viral genome into the host chro-
mosome, leading to a lysogenization of the host cell
and a down regulation of lytic genes. The lysogeny can
be interrupted by subjecting the host cell to stress con-
ditions, e.g. UV irradiation, treatment with mitomycin
C, or freezing–thawing. Induction of virus replication
eventually leads to cell lysis. Infection with ATV of cells
growing at suboptimal temperatures is immediately
followed by virus replication and cell lysis.

Genome. The dsDNA genome is circular and con-
tains 62,730bp. Unusually for a crenarchaeal viral
genome, four IS elements are present. They corre-
spond closely in their transposase sequences to
ISC1208, ISC1316, and ISC1476 from S. solfataricus.

Family Ampullaviridae

Genus Ampullavirus

Species: Acidianus bottle-shaped virus, ABV virus
(Häring et al., 2005a); genome sequence accession
no. X.

Virion morphology and constituents. The
virion is enveloped, resembles in its shape a bottle,
and has an overall length of 230nm and a 
width varying from 75nm at the broad end to 4nm
at the pointed end (Fig. 6.7). The broad end of the
virion exhibits 20 (±2) thin rigid filaments, 20nm
long and 3nm wide, which appear to be inserted 
into a disc, or ring, and are interconnected at their
bases. The 9nm thick envelope encases a cone-
shaped nucleoprotein core formed by a toroidally
supercoiled nucleoprotein filament (Fig. 6.7). The 
virion contains six major proteins in the size range
15–80kDa.

Host range and virus–host relationships. The
natural host of ABV is Acidianus sp., isolated from a
hot spring of a solfataric field in Pozzuoli, Italy. Under
laboratory conditions the virus also replicates in A.
convivator, isolated from the same environmental
sample. Host lysis was not observed. Virus infection
increased the host generation time from about 24
hours to about 48 hours, but the infected culture
eventually reached the density of the uninfected cell
culture. Release of particles was observed only in the
stationary growth phase of the host culture. Which
of the two functional structures of the virus, the
pointed end or the filaments on the broader end, is
involved in adsorption to host cell surface and chan-
neling of viral DNA into host cells is presently
unclear.

Genome. The genome is linear dsDNA, 23,794bp
long, and its terminal regions constitute 580bp long
inverted repeats. The genome contains two large
non-coding regions, of about 600 and 300bp (Xu
Peng, personal communication).

Unclassified

Species: Sulfolobus turreted icosahedral virus, STIV
(Rice et al., 2004); genome sequence accession no.
AY569307.

Virion morphology and constituents,
genome. The virion is icosahedral, built on a
pseudo-T = 31 icosahedral lattice. The diameter of
the capsid is about 74nm with a 6.4nm shell thick-
ness (Fig. 6.8a). The icosahedral asymmetric unit
consists of five trimers of the major capsid protein of
37kDa plus one additional minor capsid protein at
the fivefold vertex. A predominant surface feature is
a turret-like structure with a central channel. In
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addition to the major capsid protein, the virion
carries several minor proteins with estimated masses
of 75, 25, 12.5, and 10kDa. The virion most likely
contains an internal lipid envelope.

While virions of all other crenarchaeal viruses
have unique morphotypes, the icosahedral capsid of
STIV displays a striking resemblance to the capsids of
eukaryotic viruses from the families Adenoviridae
and Phycodnaviridae and bacterial viruses from the
family Tectiviridae. Based on this similarity and the
compatibility of the predicted secondary structure of
the major capsid protein and the atomic structures 
of the major capsid proteins of the tectivirus PRD1

and the adenovirus, it has been proposed that 
the capsids of all these viruses share a common
origin. By contrast to linear genomes of Tectiviridae
and Adenoviridae, the genome of STIV is circular
dsDNA, 17,663kb long.

Host range and virus–host relationships. The
natural host is a Sulfolobus solfataricus isolate from a
hot, acidic spring in the Rabbit Creek thermal area
in Yellowstone National Park. Under laboratory con-
ditions the virus also propagates in S. solfataricus
strains P1 and P2. There is no evidence that the virus
genome integrates into the host chromosome or
induces cell lysis.

(a) (b)

(c) (d) (e)

(f)

Fig. 6.7 Electron micrographs of virions of ABV, a species in the family Ampullaviridae, stained with 3% uranyl
acetate. (a) Intact virion. (b) horizontal slice through the three-dimensional dataset of the three-dimensional
reconstruction of the native virion. (c–e) Partially disrupted virions revealing an inner cone-shaped core
composed of toroidally supercoiled nucleoprotein filament. (f) A scheme of the structure of an ABV virion. Bars
are 100nm. (Modified from Häring et al., 2004.)
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Species: Sulfolobus tengchongensis spindle-shaped
virus, STSV1 (Xiang et al., 2005); genome sequence
accession no. AJ783869.

Virion morphology and constituents. The
virion has the morphology of a spindle, 230 by 
107nm, and has a tail of variable length, 68nm on
average, at one end (Fig. 6.8b). The virion is
enveloped, with a 10–15nm thick envelope. The
virions are nearly entirely composed of a single 
15.6kDa highly basic protein. Among the four minor
structural proteins the largest is of about 256kDa and
is most likely involved in adsorption. Furthermore, a
lipid component could be identified.

In purified preparations virions occasionally cluster
in a rosette-like pattern with tails attached to cell
debris, suggesting involvement of tails in viral recog-
nition and attachment to the host cell surface.

Host range and virus–host relationships. The
natural host of STV1 was present in an environ-
mental sample collected from hot acidic springs in
Tengchong, Yunnan, China, and has not been iden-

tified. Under laboratory conditions the virus repli-
cates in Sulfolobus tengchongensis strain RT8-4, isolated
from a field sample in the same region.

Infection with the virus significantly slowed down
host growth, increasing doubling time from 11 to 30
hours. A plaque assay has been developed on host cell
lawns. The virus is nonlytic. The eclipse period is
about 4 hours. After extrusion from the host cell,
virions often remain attached to the cell surface and
layers of virus particles are occasionally seen sur-
rounding a single host cell. An infected host culture
was able to keep the virus after multiple transfers of
cells into a fresh medium. No integration of the viral
genome into the host chromosome has been detected.

Genome. The genome is circular dsDNA 
75,294bp long. It appears to be modified in unknown
manner by virus-encoded proteins. The genome is
highly asymmetric and divides into two equal halves
with respect to gene orientation. The biased gene ori-
entation and strand compositional asymmetry,
revealed by the cumulative GC skew, suggest that the
origin and terminus of virus replication are located in
the 1.4kb long intergenic region with an unusually
high AT content, including two sets of tandem repeats
and two sets of inverted repeats. Most likely, genome
replication proceeds bidirectionally in the θ mode
from the proposed origin.

Genomics of crenarchaeal viruses

Genomes of archaeal viruses have been recently 
analyzed in collaboration with Eugene Koonin 
and Roger Garrett (Prangishvili & Garrett, 2005;
Prangishvili et al., 2006). The present chapter is a
summary of this analysis.

The most prominent feature of the genomes of
known crenarchaeal viruses is an extremely low
number of genes coding for proteins with homologs
in the public sequence databases. With the current
coverage of viral and cellular genomes a considerable
majority of viral genes have no detectable homologs
other than in closely related viral species.

Genes with confirmed functions

Putative functions of only a few genes (with
homologs in public databases) have been confirmed
by their heterologous expression and biochemical

(a)

(b)

Fig. 6.8 Electron micrographs of virions of
unclassified crenarchaeal viruses STIV (a) and STSV1
(b), negatively stained with 3% uranyl acetate. Bars
are 200nm. (Courtesy of Mark Young (a) and Li
Huang (b).)
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analysis of the recombinant proteins. They encode
the dUTPase (Prangishvili et al., 1998) and the 
Holliday junction resolvase (Birkenbihl et al., 2001)
of the rudiviruses SIRV1 and SIRV2 and the 
integrase/recombinase of the fusellovirus SSV1
(Muskhelishvili et al., 1993). In addition, some struc-
tural proteins purified from the virus particles could
be sequenced by Edman degradation, which allowed
the identification of their genes.

Genes with putative functions unique for
individual viruses

A few genes of crenarchaeal viruses have homologs
in Archaea and/or Bacteria. These include DNA mod-
ification methylases of the STSV1, superfamily 2
helicases of the lipothrixvirus SIFV, ABC-class
ATPase of the rudivirus ARV1, and thiol-disulfide
isomerase of the globulovirus TTSV1.

Genes with putative functions shared by
different viruses

Many crenarchaeal viruses share a repertoire of
genes with putative functions that include transcrip-
tion regulators, ATPases, enzymes of DNA precursor
metabolism and RNA modification, and glycosylases.

The most common gene products in crenarchaeal
viruses, unexpectedly, turn out to be small proteins
containing a ribbon–helix–helix (RHH) domain,
which may be considered as a distinct, highly derived
version of the classic helix–turn–helix (HTH) domain
(Aravind et al., 2005). Typically, the RHH domain
proteins are transcription regulators, and were
shown to be common in Archaea, being nearly as
abundant as typical HTH domains (Aravind and
Koonin, 1999; Perez-Rueda et al., 2004). The RHH
proteins of crenarchaeal viruses are rather heteroge-
neous, and apparently have a complex history, prob-
ably involving multiple independent acquisitions as
well as horizontal gene mobility.

Other putative transcription regulators encompass
HTH domains, looped-hinge helix domains, and Zn
fingers. Remarkable is the presence of C2H2 Zn
finger proteins with moderate similarity to a variety
of eukaryotic Zn fingers but no obvious homologs in
prokaryotes.

Each of the crenarchaeal viruses encodes at least
one of the P-loop ATPases, which are known to be the
most abundant protein domain in prokaryotes and
the great majority of viruses, and typically are
involved in viral replication, transcription, or packag-
ing. Other predicted enzymes with probable functions
in DNA replication are RecB-family endonucleases in
the Lipothrixviridae, Rudiviridae, and Fuselloviridae,
XerC/D-like integrase/recombinase in the Bicau-
daviridae and the SSTSV1. As with Holliday junction
resolvases in the Rudiviridae (Birkenbihl et al., 2001),
these enzymes may be involved in intermediate reso-
lution during viral genome replication.

The Rudiviridae and STSV1 encode the dUTPase
and/or the flavin-dependent thymidylate synthese
(ThyX), which are apparently involved in DNA pre-
cursor metabolism, a function widely represented 
in DNA viruses of Bacteria and Eukarya. Another
function common to bacterial viruses, RNA modifi-
cation, is also represented in the Rudiviridae: they
encode predicted tRNA-ribosyltransferase and S-
adenosylmethionine-dependent methyltransferase.
The former enzyme is also encoded by STST, and the
latter enzyme by the lipothrixvirus SIFV.

All known members of the Rudiviridae and
Lipothrixviridae encode glycosyltransferases that may
be involved in modification of virion proteins and/or
the host cell wall during viral entry and/
or release (Markine-Goriaynoff et al., 2004). In 
other members of other viral families there might be
implicated in this process such enzymes as a 
membrane-associated acyltransferase (in ATV) and
nucleoside-diphosphate-sugar epimerase (in STSV1).

The gene pool shared by crenarchaeal viruses also
includes two protein families with unknown func-
tions. One of these, exemplified by the AFV1 protein
03 of 99 amino acids, is found exclusively in the
Rudiviridae and Lipothrixviridae (genera Beta- and
Gamma-lipothrixvirus). Another family of small pro-
teins has a single bacterial representative, the
uncharacterized protein YddF of Bacillus subtilis, with
all other members found in crenarchaeal viruses: in
the Rudiviridae, Lipothrixviridae (genera Beta- and
Gamma-lipotrixvirus), the ATV and STIV.

Orthologous genes

Results for the identification of orthologous genes in
the set of genes shared by crenarchaeal viruses are
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in astounding accord with evolutionary relationships
postulated on the basis of viral morphotypes. These
results are shown schematically in Plate 6.1.
(Because of the uncertainty regarding the very exis-
tence of a unique common ancestor virus, orthologs
were defined only conditionally, as genes that are
more closely related to each other in a given set of
viruses than they are to any homologs that may exist
outside that set of genomes.) Based on a number of
orthologs, different levels of relationships have been
distinguished.

A significant number of orthologs (18–44) are
observed among viral species assigned to the same
genus, which probably derived from relatively recent
common ancestors. These are four members of the
Fusellovirus, three members of the Rudivirus, and two
members of the Globuloviridae.

A smaller number of orthologous genes (five to
nine), representing moderately related groups that
have probably evolved from a single ancestral virus
in a more distant past, were observed for members of
different genera in the family Lipothrixviridae: the
betalipothrixvirus SIFV, gammalipothrix virus AFV1,
and deltalipothrixvirus AFV2. A comparable number
of orthologous genes were observed between some
members of different families, the Rudiviridae and
Lipothrixviridae, suggesting a common ancestry for
these two families. Thus, apparently crenarchaeal
viruses with linear morphotypes, the rudiviruses and
lipothrixviruses, could have evolved, as genetic enti-
ties, from the same ancestral linear virus, and can be
unified in a superfamily or order. We propose to
establish a novel order of crenarchaeal DNA 
viruses, encompassing the families Rudiviridae and
Lipothrixviridae, and to name it Ligamenvirales, from
Latin ligemen, for string or thread. It is noteworthy
that the consistency of orthologous relationships
between the rudiviruses and lipothrixviruses is low,
mainly formed by non-overlapping sets of orthologs,
and the only reliable signature of this
superfamily/order of crenarchaeal viruses would be
distinct glycosyltransferases and proteins from the
AFV1p03 family (see above).

In those cases where the viruses share only one to
four orthologous genes, it remains unclear whether
a common ancestral virus ever existed. Shared genes
could result from horizontal gene transfer between

the viruses, or, in some cases, from independent
acquisitions from the host. Even less likely appears
the existence of common ancestors, when no
orthologs are detected among viruses, as is the case
with the two members of the Globuloviridae and the
rest of the crenarchaeal viruses.

Conclusions

Known dsDNA viruses infecting hyperthermophilic
Crenarchaea represent a diverse collection of unique
morphotypes, not encountered among dsDNA
viruses of Bacteria and Eukarya. Based on morpho-
logical and genomic characteristics, seven novel fam-
ilies and ten novel genera of dsDNA viruses have
been proposed for classification.

Analysis of genome sequences has confirmed a
specific nature of crenarchaeal viruses, suggested by
structural uniqueness. A considerable majority of
their genes have no detectable homologs in other
viruses or cellular life forms, implying that dsDNA
viruses of Crenarchaea are evolutionarily unrelated
to known dsDNA viruses of Bacteria or Eukarya and
form a distinctive group in the viral world. Whether
this group shares a single origin or is polyphyletic is
presently unclear.

Besides the crenarchaeal viruses, in the viral
world two other large groups of dsDNA viruses are
known that apparently do not share an origin with
any other virus. These are: (i) the group of head-
tailed bacteriophages (the order Caudovirales),
including the families Myoviridae, Siphoviridae, and
Podoviridae (Hendrix et al., 1999; Casjens, 2005); and
(ii) the monophyletic group of eukaryal nucleoplas-
matic large dsDNA viruses, including the families
Poxviridae, Phycodnaviridae, Iridoviridae, Asfarviridae,
and Mimiviridae (Iyer et al., 2001; Raoult et al.,
2004). The disclosure of the unique group of cre-
narchaeal viruses provides a new perspective on
events related to the origin of DNA viruses and their
evolution. It is a challenge for future studies to reveal
evolutionary trials of involvement of sets of non-
orthologous genes in the establishment of principally
similar lifestyles in the three unrelated groups of
dsDNA viruses.
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Science is an endless search for truth. Any representation of reality we develop can be only partial. There is no finality, sometimes
no single best representation. There is only deeper understanding, more revealing and enveloping representation. (Woese, 2004)

Introduction

The term genome was first coined by Hans Winkler (1920) by combining the words gene and chromosome,
long before the true nature of genes and DNA was deduced. It represents the complete set of genetic infor-
mation of an organism, including both the genes and the non-coding sequences located on the chromosome(s)
and the extra chromosomal elements. Genomics as a field of scientific investigation analyzes and compares
complete genome sequences of organisms. Starting a decade ago with the first completely deciphered bacte-
rial genome, Haemophilus influenzae (Fleischmann et al., 1995), genome sequences of more than 300 cellular
organisms have been archived in public databases (Table 7.1). The success of these genome analyses has been
breathtaking, generating a “genomic revolution” that fundamentally changed biology in two perspectives: it
extended our research objectives from single units (e.g. genes or proteins) to complete data sets (e.g. all genes
in a genome or all proteins in a proteome), and it spurred the rapid development of high throughput tech-
nologies required for large-scale functional analyses: transcriptomics, proteomics, metabolomics, structural
genomics. Although medical applications played a central role in microbial genomics from the very begin-
ning, it soon became clear that whole genome sequences were also of great interest from organisms with
environmental, energy production, and phylogenetic relevance. The latter topics quickly brought the Archaea
to the head of the early sequencing pipeline and made Methano(caldo)coccus jannaschii the third organism whose
genome was sequenced (Bult et al., 1996), even before the first eukaryal genome sequence, that of Saccha-
romyces cerevisiae, was completed (Goffeau et al., 1996).

By the mid-1990s, Archaea were considered to be primarily of evolutionary/phylogenetic interest, with
some potential for biotechnologically interesting enzymes from species with an extremophilic lifestyle. Major
points of interest that were hoped to be addressed by the analysis of the upcoming archaeal genome sequences
included: the phylogenetic unity of the archaeal domain; the correlation of bacterial form and eukaryotic
content of archaeal genes (Keeling et al., 1994); a mixed heritage of the Archaea (Koonin et al., 1997; 
Doolittle & Logston, 1998); and the putative role of the Archaea in the origin of the Eukarya (Forterre, 1997).
The publication of the first archaeal genome sequence in 1996 more than doubled the number of known
archaeal genes and provided many answers with respect to the molecular basis of origin and diversification
of cellular life. It transformed M. jannaschii from a rather poorly studied organism (13 Medline records since
its initial description in 1983) into a prominent model organism (485 Medline listed papers since the genome
publication). As discussed in Chapters 2 and 3 of this volume, comparative and phylogenetic analyses of
sequenced archaeal genomes answered many of the evolutionary questions linked to the Archaea, leaving us
with even more new questions. This chapter focuses less on evolutionary topics than on the structure and
content of archaeal genomes, lessons learned from two dozen sequenced genomes, problems with genome
analyses, and future prospects due to even more genomes to come.

7
Features of the genomes

Hans-Peter Klenk
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The structure of archaeal genomes

Archaeal genomes can be characterized by several
structural parameters that became accessible with
the advent of whole genome sequences: genome size
and geometry, number of replicons, G+C content,
syntheny of genes, operons, origin and terminus of
replication, repetitive sequences, and gene structure.
Although there is nothing like a typical archaeal
genome, the spectrum of variation in these parame-
ters for the completed archaeal genome sequences
(Table 7.2) can be compared with the corresponding
features in bacterial and eukaryal genomes. Varia-
tions in gene (protein) complement and gene con-
servation, as well as the similarity to homologous
bacterial and eukaryal genes, are discussed in a sep-
arate section.

Archaeal genome sizes vary across an almost 12-
fold range, from 0.49Mbp of the obligate symbiont
Nanoarchaeum equitans to 5.75Mbp of the most meta-
bolically diverse Methanosarcina acetivorans (Table
7.2). The size range of bacterial genomes is compa-
rable to that of the archaeal genomes, spanning a 16-
fold range from 0.58Mbp (Mycoplasma genitalium) to
9.11Mbp (Bradhyrhizobium japonicum). The more
limited size range of the archaeal genomes reflects

the significantly smaller sampling size of only 24
genomes as compared to 256 bacterial genomes
(Table 7.1). The smallest eukaryal genomes (Proto-
zoa and Fungi, 8–10Mbp) are in the size range of the
largest bacterial genomes, whereas the size of most
eukaryal genomes (e.g. mammals, 3000Mbp) sur-
passes the archaeal and bacterial ones by several
hundred-fold. As in the Bacteria, the genome size of
the Archaea is the result of several genetic events,
including gene duplication, gene acquisition by
lateral gene transfer (LGT), and lineage-specific gene
loss. The smallest archaeal and bacterial genomes
belong to organisms that are restricted to a stable
environment, sometimes associated with a host
organism, e.g. N. equitans, or Mycoplasma and Buchn-
era. The smallest genomes of free living Archaea,
Thermoplasmatales (1.57Mbp) and hydrogeno-
trophic class I methanogens (1.67Mbp), surpass the
smallest genome of a free living bacterium,
Pelargibacter ubiques (Giovannoni et al., 2005) by only
20–30%. As in the Bacteria, the species of Archaea
with the largest genomes (e.g. M. acetivorans) occupy
highly complex and variable environments, e.g.
marine sediments. It is the possession of a large
inventory of genes that enables life in these habitats.
The genome size of both Archaea and Bacteria is
directly proportional to the number of encoded
genes, generally about one gene per kilobase, indi-
cating an almost constant coding density for organ-
isms from both domains (Tables 7.2, 7.3). Deviation
from this constant coding density often depends
more on variations in annotation procedures than on
those in real genetic variation (exception: Metha-
nomicrobiales, with a significantly reduced coding
coverage). The constant coding density in Archaea
and Bacteria is clearly different from the situation in
eukaryal genomes, but supports the idea that
archaeal and bacterial genome size (and content) are
largely dictated by environmental pressures (Bentley
& Parkhill, 2004).

The genome geometry and replicon arithmetic of
archaeal and bacterial genomes are very similar, but
differ from those of the eukaryal genomes. The main
component of archaeal genomes consists always of a
single circular chromosome (Table 7.2). Only Haloar-
cula marismortui contains a second, much smaller cir-
cular chromosome. All archaeal extrachromosomal
elements (ECEs) are circular and are apparently most
frequent in extreme halophiles and methanogens,
but also present in some species of Crenarchaeota.

76 CHAPTER 7

Table 7.1 Completed genome sequences.

Year Total Archaea Bacteria Eukarya

1995 2 0 (0%) 2 0
1996 3 1 (33%) 2 0
1997 7 2 (29%) 4 1
1998 7 1 (14%) 5 1
1999 5 1 (20%) 4 0
2000 18 3 (17%) 13 2
2001 31 3† (10%) 25 3
2002 43 5 (12%) 29 9
2003 51 1 (2%) 48 2
2004 76 3 (4%) 60 13
2005* 77 4 (5%) 64 9

PUB 320 24† (8%) 256 40
CUP 107 6 (6%) 92 9
WIP 1010 29 (3%) 660 320

Total 1437 59 (4%) 1008 369

*To November 10, 2005; †without the proprietary
Pyrolobus fumarii; PUB, published; CUP, completed but
unpublished; WIP, work in progress.
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Table 7.2 Published archaeal genomes.

G+C CDS SRSR IS-elements
Species Taxonomy db accession size [bp] [%] [%] cl. (copies) fam. (copies) Lifestyle

Agf E Archaeoglobales AE000782 2,178,400 48.5 92.2 3 (150) 3 (16) anaerobic sulphate-reducer, 
Topt 83°C

App C Desulfurococcales BA000002 1,669,695 56.3 88.8* 4 (101) 1 (2) aerobic, chemoorganotroph, 
Topt 95°C

Ham E Halobacteriales AY596297 3,131,724 62.4 85.0 n.d. 14 (13) aerobic, extreme halophile, 
Chromosome II AY596298 288,050 57.2 (7) Topt 37°C
ECE pNG700 AY596296 410,554 59.1 (2)
ECEs pNG100–600 AY596290–5 444,314 57.0 10 (18)

Hbs E Halobacteriales AE004437 2,014,239 67.9 85.2 n.d. † (22) aerobic, extreme halophile, 
ECE pNRC200 AE004438 365,425 59.2 12 (40) Topt 37°C
ECE pNRC100 AF016485 191,346 57.9 † (29)

Mcj E Methanococcales L77117** 1,664,970 31.4 88.0 18 (2–25) 5 (7) anaerobic, chemoplitoautotroph, 
Topt 85°C

Mcm E Methanococcales BX950229 1,661,137 33.1 88.9 n.d. none mesophilic, hydrogenotrophic, 
Topt 37°C

Mpk E Methanopyrales AE009439 1,694,969 61.1 89.1 n.d. none hyperthermophilic methanogen, 
Topt 100°C

Msa E Methanosarcinales AE010299 5,751,492 42.7 74.0 none 1 (1) marine group II methanogen, 
Topt 37°C

Msb E Methanosarcinales CP000099¶ 4,837,766 39.2 71.5 n.d. 1 (1) mesophilic group II methanogen, 
Topt 35°C

Msm E Methanosarcinales AE008384 4,096,345 41.5 75.2 none (185) terrestrial group II methanogen, 
Topt 40°C

Mtt E Methanobacteriales AE000666 1,751,377 49.5 90.9 2 (171) none thermophilic methanogen, Topt 65°C
Nae Nanoarchaeota AE017199 490,885 31.6 93.0 n.d. n.d. obligate symbiont, Topt 80°C

Nmp E Halobacteriales CR936257 2,595,221 63.4 90.8 n.d. 3 (35) extreme haloalcaliphile, pHopt 8.5
ECE PL131 CR936258 130,989 57.2 82.3 5 (6)
ECE PL23 CR936259 23,486 60.6 83.9 (0)

Pba C Thermoproteales AE009441 2,222,430 51.4 88.8 n.d. n.d. hyperthermophilic nitrate-reducer, 
Topt 100°C

Pca E Thermococcales AL096836§ 1,765,118 44.7 91.1 n.d. 1 (1) anaerobic hyperthermophile, 
Topt 103°C

Pcf E Thermococcales AE009950 1,908,256 40.8 91.9 n.d. 3 (24) anaerobic hyperthermophile, 
Topt 100°C
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Table 7.2 Published archaeal genomes.

G+C CDS SRSR IS-elements
Species Taxonomy db accession size [bp] [%] [%] cl. (copies) fam. (copies) Lifestyle

Pch E Thermococcales BA000001 1,738,505 41.9 90.7 3 (110) 2 (3) anaerobic, grows with sulphur, 
Topt 98°C

Plf C Desulfuroccales proprietary 1,850,000 n.d. n.d. n.d. n.d. obligate chemolithoautotroph, 
Topt 106°C

Ppt E Thermoplasmatales AE017261 1,545,895 36.0 91.7 n.d. none thermoacidophile, pHopt 0.7, 
Topt 60°C

Sla C Sulfolobales CP000077 2,225,959 36.7 85.1 4 (222) 2 (4) aerobic thermoacidophile, pHopt 2–3, 
Topt 75°C

Sls C Sulfolobales AE006641 2,992,245 35.8 84.3 7 (420) 25 (201) aerobic thermoacidophile, pHopt 2–4, 
Topt 85°C

Slt C Sulfolobales BA000023 2,694,756 32.8 83.9 6 (455) 12‡ aerobic thermoacidophile, pHopt 2–3, 
Topt 80°C

Tck E Thermococcales AP006878 2,088,737 52.0 92.1 n.d. 2 (7) anaerobic extreme thermophile, 
Topt 85°C

Tpa E Thermoplasmatales AL139299 1,564,906 46.0 87.0 1 (46) 4 (4) thermoacidophile, pHopt 2, Topt 59°C
Tpv E Thermoplasmatales BA000011 1,584,804 40.0 86.2 n.d. 24 (27) thermoacidophile, pHopt 2, Topt 60°C

*CDS from original publication which features 2694 ORFs as compared to 1841 in NCBI database; †the 91 IS-elements in the Halobacterium
species NRC-1 genome belong altogether to 12 families; ‡see Table 8.1; §also contains a small 3444bp multicopy ECE; ¶also contains a small
36,358bp ECE, pL1; **also contains two ECEs with 16,550bp (small ECE, 28.8% G+C) and 58,407bp (large ECE, 28.2% G+C).

Abbreviations: bp, base pairs; C, crenarchaeon; CDS, total protein coding sequence in percent of genome; cl., number of clusters (copies therein),
db, data base; E, Euryarchaeon; ECE, extra chromosomal element; fam., families of IS elements (and number of copies therein); G+C, guanine
and cytosine content; IS-element, short mobile insertion element; SRSR, Short Regular Spaced Repeat; Topt, optimal growth temperature; pHopt,
optimal pH value.

Species abbreviations: Agf, Archaeaoglobus fulgidus (Klenk et al., 1997a); App, Aeropyrum pernix (Kawarabayasi et al., 1999); Ham, Haloarcula
marismortui (Baliga et al., 2004); Hbs, Halobacterium species NRC-1 (Ng et al., 2000); Mcj, Methanocaldococcus jannaschii (Bult et al., 1996); Mcm,
Methanococcus maripaludis (Hendrickson et al., 2004); Mpk, Methanopyrus kandleri (Slesarev et al., 2002); Msa, Methanosarcina acetivorans (Galagan et
al., 2002); Msb, Methanosarcina barkeri (Copeland et al., Genbank NC0007355, unpublished); Msm, Methanosarcina mazei (Deppenmeier et al.,
2002); Mtt, Methanothermobacter thermoautotrophicus (Smith et al., 1997); Nae, Nanoarchaeum equitans (Waters et al. 2003); Nmp, Natronomonas
pharaonis (Falb et al., 2005); Pba, Pyrobaculum aerophilum (Fitz-Gibbon et al., 2002); Pca, Pyrococcus abyssi (Lecompte et al. 2002a); Pcf, Pyrococcus
furiosus (Robb et al., 2001); Pch, Pyrococcus horikoshii (Kawarabayasi et al., 1998); Plf, Pyrolobus fumarii (proprietary, Diversa press release
September 25, 2001); Ppt, Picrophilus torridus (Fütterer et al., 2004); Sla, Sulfolobus acidocaldaricus (Chen et al., 2005b); Sls, Sulfolobus solfataricus
(She et al., 2001b); Slt, Sulfolobus tokodaii (Kawarabayasi et al., 2001); Tck, Thermococcus kodakarensis (Fukui et al., 2005); Tpa, Thermoplasma
acetophilum (Ruepp et al., 2000); Tpv, Thermoplasma volcanium (Kawashima et al., 2000).
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Archaeal ECEs (plasmids) are discussed in detail in
Chapter 9 of this volume. By far the majority of bac-
terial genomes also exist as single circular chromo-
somes. Linear and/or multiple replicons, such as
those in several species of Agrobacterium, Borrellia,
Brucella, Deinococcus, Ralstonia, Streptomyces, and
Vibrio, are the exception (Bentley & Parkhill, 
2004). Eukaryal genomes consist of few to many
linear chromosomes whose lengths often signifi-
cantly surpass the size of archaeal and bacterial 
chromosomes.

The average G+C content of archaeal genomes
varies between 31.4% (M. jannaschii) and 67.9%
(Halobacterium species NRC-1) (Table 7.2). The C+G
range of bacterial genomes is slightly wider, from
26.5% (Wigglesworthia glossinidia) to 72.1% (Strepto-
myces coelicolor), again reflecting the larger sampling
size of bacterial genomes. A clear correlation
between average G+C content and genome size, as
described for Bacteria by Bentley and Parkhill
(2004), is not obvious for Archaea. Genomes of the
Sulfolobales feature the lowest average G+C content
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Table 7.3 Content of archaeal genomes.

Inteins
COGs Length genes Special ORF fams rRNAs tRNAs Other stable

Species ORFs [%] av. [bp] (no.) AAs (members) rD (no.) (introns) RNAs

Agf E 2420 84.9 830 none none 242 (719) 1 (3) 46 (5) 7S, RnaseP, 86 snos
App C 1841 72.6 805 1 (1) none 185 (532) 1 (4) 47 (14) none
Ham E 3412† 76.8 780 3 (3) none n.d. 3 (10) 50 (?) 7S
Hbs E 2075 78.1 827 2 (2) none n.d. 1 (3) 47 (3) 1 unknown, 7S
Mcj E 1729 87.6 847 14 (18) Sel (9)* 136 (≤16) 2 (5) 37 (2) 7S

Mcm E 1722 88.9 857 none Sel (9) n.d. 3 (10) 38 (?) 7S, RNaseP
Mpk E 1687 80.0 895 5 (5) Sel (8) n.d. 1 (3) 35 (?) none reported
Msa E 4540 77.5 936 none Pyl (1) 539 (2178) 3 (9) 59 (?) 7S
Msb E 3759 81.7 927 none Pyl (1) n.d. 3 (9) 62 (?) 1 unknown, 7S

Msm E 3371 81.5 913 none Pyl (29) n.d. 3 (10) 58 (?) 1 unknown, 7S
Mtt E 1873 86.3 850 1 (1) none 111 (409) 2 (6) 39 (3 + 1) 7S, RNaseP

Nae 552 78.4 827 2 (2) none n.d. 1 (3) 44 (4) 14 snos
Nmp E 2661 77.1 879 3 (4) none n.d. 1 (3) 46 (?) 7S, RNaseP
Pba C 2605 68.1 757 none none n.d. 1 (3) 46 (15) 53 snos
Pca E 1784 87.6 911 10 (14) none (621) 1 (4) 46 (2) 7S, RnaseP, 45 snos
Pcf E 2116§ 84.0 820 9 (10) none (845) 1 (4) 46 (2) 7S, RnaseP, 51 snos

Pch E 1955‡ 80.9 807 13 (14) none (606) 1 (4) 46 (2) 7S, RNaseP
Ppt E 1535 87.8 923 1 (1) none n.d. 1 (3) 44 (2) none
Sla C 2292 81.6 827 none none n.d. 1 (3) 48 (19) 7S, 29 snos
Sls C 2977 81.0 848 none none 52 (2–26) 1 (3) 46 (18) 7S, 6 snos
Slt C 2825 76.1 800 none none 494 (1471) 1 (3) 46 (24) none described
Tck E 2306 80.2 833 12 (16) none 186 1 (4) 46 (2) 7S, RNaseP
Tpa E 1482 89.1 909 1 (1) none n.d. 1 (3) 45 (?) 7S
Tpv E 1499 89.0 911 1 (1) none n.d. 1 (3) 45 (?) 7S

*Klenk et al., 1997b; †chromosomes I and II only; ‡ORF number from NCBI microbial genomes data base; §estimated
from Poole et al., 2005.

General abbreviations: AA, amino acids; av., average; bp, base pairs; C, crenarchaeon; E, euryarchaeon; n.d. and ?, not
described; Pyl, pyrrolysine containing genes; rD, rRNA clusters (and genes therein); Sel, selenocysteine containing
genes; snos, short non-messenger RNAs.

Species abbreviations as in Table 7.2; ORF numbers taken from updates in various databases; % COGs from NCBI
database, November 2005.
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(32.8–36.7%), whereas extreme halophiles mark the
upper border, ranging from 62.4 to 67.9%.
Methanogens contain genomes with G+C contents
as low as 33.4% (M. jannaschii) and as high as 61.1%
(Methanopyrus kandleri). The G+C content across
archaeal chromosomes is far from uniform and often
differs significantly between coding and non-coding
regions. Upstream promoter sequences tend to be
AT-rich in order to allow a curved, rigid confirma-
tion that unwinds more easily (reviewed by Bentley
& Parkhill, 2004), containing AT-rich TATA boxes as
part of the archaeal promoter (for details on pro-
moter sequences see Chapter 16 of this volume).
Regions around the archaeal termini have a ten-
dency toward higher AT-content, whereas the
region(s) around origin(s) of replication have a 
preference for G and C (archaeal ori-regions; see
Chapter 14 of this volume). Unequal distribution of
bases in leading and lagging strand in DNA replica-
tion, commonly referred to as GC skew (G−C/G+C
for leading and lagging strand), is used for locating
the origin and terminus of replication in both
archaeal and bacterial genomes. Whereas bacterial
genomes contain only one starting point for DNA
replication, it has been demonstrated that some (not
all) archaeal genomes contain multiple starting
points, but far fewer than eukaryal genomes. Foreign
DNA fragments to be integrated in archaeal genomes
may arrive with a C+G content significantly different
from the average of the host genome. Over time
these regions are ameliorated so that the incoming
DNA will match the G+C content of the host
genome.

Comparison of gene order between genomes
informs us about the evolutionary relation between
organisms, but can also be used for prediction of gene
functions. In this context, syntheny refers to multi-
gene regions where DNA sequences and gene order
are conserved between genomes (Bentley & Parkhill,
2004). From genetic maps of bacterial model organ-
isms (Escherichia coli, Bacillus subtilis) it has long
(before the genome sequences) been known that
homologous genes are not necessarily located at the
same relative position in bacterial genomes, but that
only certain gene clusters were synthenic (Tamames,
2001). Figure 3.3 in this volume shows synthenic
ribosomal (r-protein) gene clusters in Archaea and
Bacteria. It is important to note that the sequences
of archaeal r-proteins in these clusters are more
similar to their eukaryal homologues than to bacte-

rial homologues, but remain synthenic with the
latter ones, whereas synthenic organization of
archaeal and eukaryal genes is unknown. There
seems to be a positive selection for clustering of phys-
ically interacting proteins, but no absolute require-
ment for juxtaposition of genes in either archaeal 
or bacterial genomes. Syntheny is therefore lost 
at a much faster rate than sequence similarity
(Mushegian & Koonin, 1996b; Rogozin et al., 2004).
Nevertheless, syntheny remains useful for prediction
of gene function (see Chapter 22 in this volume).
Only genomes of closely related species maintain a
high degree of syntheny, whereas genomes of mod-
erately distant species reveal no striking overall syn-
theny at all. Plate 7.1 shows dot plots to represent
similarity between three species of Euryarchaeota,
two closely related Pyroccocus strains (left), and one
of the two pyrococci and M. jannaschii (right).

Genome comparison by dot blots indicates that
large-scale symmetrical inversions centered on the
origin of replication are as frequent for the Archaea
as for the Bacteria. As in the Bacteria, there are three
major mechanisms that promote the genome plas-
ticity in the Cren- and Euryarchaeota: rearrange-
ments linked to the replication terminus (appearing
as a broken X pattern in genome dot blots), insertion
sequence-mediated recombinations, and DNA inte-
gration within tRNA genes. Lecompte et al. (2002a)
evaluated all three mechanisms for Pyrococcus
genomes, and estimated that the level of genome
plasticity is at least comparable to the plasticity
observed between closely related bacteria. Mecha-
nisms of rearrangement and change in Sulfolobus
genomes involving autonomous insertion sequ-
ences (IS elements), non-autonomous miniature
inverted-repeat transposable elements (MITEs), self-
transmissible plasmids, prophages, introns, inteins,
and short regularly spaced direct repeats (SRSR) are
discussed in detail in Chapter 8 in this volume. Pos-
sible roles and mechanisms of archaeal integrases
and integrated elements, and their role in LGT-based
genome evolution, are discussed in Chapter 10. Inte-
grated elements are not restricted to Archaea, but
also contribute to the plasticity of bacterial genomes,
e.g. pathogenic islands in E. coli. Some integrase fam-
ilies even contain archaeal and bacterial members
(She et al., 2002). Taking all these mechanisms of
genomic flux together, it becomes obvious that
Archaea and Bacteria evolve(d) much more quickly
than by the classical view of evolution, which
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describes slow change via the accumulation of point
mutations in individual genes, enabling them to
rapidly respond to environmental pressures (Bentley
& Parkhill, 2004).

The conserved genomic neighborhood in phylo-
gentically distinct organisms is unlikely to occur by
coincidence, but suggests relatedness and provides
insight to the function of encoded (sometimes func-
tionally unknown) proteins. Groups of adjacent, co-
expressed genes that encode functionally linked
proteins (operons) represent the principal form of
gene co-regulation and co-expression in Archaea and
Bacteria (Lawrence, 1999; Rogozin et al., 2004).
Interestingly, co-regulation in Archaea and Bacteria
may also occur in cases of conserved bidirectionally
transcribed gene pairs. When they are conserved in
different genomes, the organization of such juxtapo-
sitioned genes may indicate shared cis-regulatory ele-
ments that give rise to transcriptional co-
regulation, strongly suggesting a functional relation-
ship between a transcriptional regulator and a non-
regulatory protein (Korbel et al., 2004). Some
operons have been conserved over long evolution-
ary time spans and have eventually moved among
Archaea and Bacteria via LGT. The “über-operon”
concept of Lathe et al. (2000) extended the classical
operon concept to gene context conservation of a
higher order, demonstrating extensive plasticity of
functionally linked genes in Archaea and Bacteria.
Until recently, only few operons have been identified
in some protists and nematodes. It has recently
became clear that many species of Eukarya from pro-
tists to chordates encode numerous instances of
poly-cistronic transcription units (Blumenthal,
2004). Uncoupling of transcription and translation,
and the fusion of adjacent genes during evolution of
the eukaryal lineage, may for most genes have
removed the need for co-transcription and ribosome
binding sequences.

The simple structure of archaeal protein coding
genes (ORFs) corresponds to that of bacterial ORFs,
without frequent introns that interrupt the coding
sequences of many eukaryal genes. Although many
archaeal gene products are more similar to their
eukaryal homologs than to bacterial homologs (see
the next paragraph), the structure of these archaeal
genes is still the same as for bacterial genes. Recod-
ing of genetic information by inclusion of selenocys-
teine as the twenty-first amino acid has long been
known from bacterial and eukaryal genes, as well as

in several genes encoded in the genomes of M. jan-
naschii, Methanococcus maripaludis, and M. kandleri
(Table 7.3). A twenty-second amino acid, pyrroly-
sine, has recently been shown to be utilized by three
more class II methanogens: Methanosarcina barkeri, M.
acetivorans, and Methanosarcina mazei (Table 7.3), as
well as by Methanosarcina thermophila and Methanococ-
coides burtonii. Hereby the UAG stop codon is utilized
in a suppression mechanism with the help of a spe-
cialized UAG-tRNA, PylT, and a class II aminoacyl-
tRNA synthetase-like enzyme, PylS (see Chapter 18
in this volume). Only one bacterial pyrrolysine-
encoding gene has yet been identified, but no
eukaryal pyrrolysine-encoding gene. Within Archaea
the intrinsic use of unusual amino acids is obvi-
ously restricted to the methanogens. Only one pre-
liminary report about a third recoding mechanism in
Archaea, programmed frameshifting, has been pub-
lished (reviewed in Cobucci-Ponzano et al., 2005).
The proposed process for programmed frameshifting 
in Archaea corresponds to the respective process
known as a niche phenomenon in Bacteria (Cobucci-
Ponzano et al., 2005).

Specific archaeal introns in rRNAs and tRNAs
were reported long ago (Kjems & Garrett, 1988;
Kjems et al., 1989). Cleavage and exon-splicing reac-
tions for these RNAs resemble those found for
eukaryal tRNA introns. Group I and group II introns,
frequently found in Bacteria and Eukarya, are
unknown in Archaea. As in Bacteria, spliceosomal
introns in archaeal protein-encoding genes are much
less frequent than in Eukarya. In fact, they were
unknown until recently when Watanabe et al.
(2002) reported the discovery of introns in an
archaeal homolog of the eukaryal centromere-
binding factor 5 (Cbf5p), a subunit of a small nucle-
olar ribonucleoprotein in Aeropyrum pernix, Sulfolobus
solfataricus, and Sulfolobus tokodai. Introns are
removed at the RNA level by a typical archaeal
bulge–helix–bulge excision mechanism, suggesting
that splicing of pre-mRNAs probably depends on the
spicing system elucidated for archaeal pre-tRNAs and
rRNAs (Watanabe et al., 2002). Sulfolobus introns are
described in detail in Chapter 8 in this volume.

Protein splicing is defined as excision of an inter-
vening protein sequence (the intein) from a protein
precursor and concomitant ligation of the flanking
protein fragments (the exteins) to form a mature
extein host protein and the free intein. Protein splic-
ing results in a native peptide bond between the
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ligated exteins. Extein ligation differentiates protein
splicing from other forms of autoproteolysis. Con-
served intein motifs differentiate inteins from other
types of in-frame sequences present in one homolog
and absent in another homolog or from other types
of protein rearrangements. Genes encoding intein-
containing proteins are relatively more frequent in
Archaea (106) than in Bacteria (130) and Eukarya

(58), considering that public databases contain much
fewer archaeal sequences than sequences from
organisms of the other two domains (Intein data-
Base; see Table 7.4).

In summary, eukaryal genomes can be clearly 
distinguished from archaeal and bacterial genomes
by structural differences. Archaea and Bacteria,
however, differ only in variation of the same features
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Table 7.4 Web resources for genome analysis.

National Center for Biotechnology Information www.ncbi.nlm.nih.gov/
Clusters of Orthologous Groups of proteins ∼/COG/
Basic Local Alignment Search Tool ∼/BLAST/
Genomic Biology ∼/Genomes/
Reference Sequences ∼/RefSeq/

European Bioinformatics Institute www.ebi.ac.uk/
Toolbox ∼/Tools/
Protein functional analysis ∼/Tools/protein.html

National Institute of Technology and Evaluation www.bio.nite.go.jp/
Genome Analysis Center ∼/ngac/e/project-e.html

Kyoto Encyclopedia of Genes and Genomes genome.ad.jp/kegg/
Pathways ∼/pathway.html
Genes ∼/genes.html

DOE Joint Genome Institute www.jgi.doe.gov/
Programs ∼/programs/index.html
Integrated Microbial Genomes system img.jgi.doe.gov/pub/main.cgi/
Phylogenetic Profiler

Genomes OnLine Database www.genomesonline.org/
The Institute for Genome Research www.tigr.org/

Comprehensive Microbial Research ∼/tigr-scripts/CMR/CmrHomePage.cgi
RBSfinder ∼/software/
Microbial Database ∼/tdb/mdb/mdbinprogress.html

The Wellcome Trust Sanger Institute www.sanger.ac.uk
Microbial Genomes ∼/Projects/Microbes/

Expert Protein Analysis System www.expasy.org/
ProtParam tool ∼/tools/protparam.html

Center for Biological Sequence Analysis www.cbs.dtu.dk/services/
Genome Atlases ∼/GenomeAtlas/
EasyGene, gene finding in prokaryotes ∼/EasyGene/
SignalP, prediction of signal peptide cleavage istes ∼/SignalP/
TatP, prediction of Twin-arginine signal ∼/TatP-1.0/
ArchaeaFun, ab initio prediction of enzyme classes ∼/ArchaeaFun/

The Intein dataBase and registry www.neb.com/neb/inteins.html
Biology of Extremophiles Laboratory, Orsay www.archbac.u-psud.fr/genomics/

Genomics ToolBox ∼/GenomicsToolBox.html
MULTALIGN ∼/multalin.html

The Sulfolobus database dac.molbio.ku.dk/dbs/Sulfolobus
ArchaeaWeb, weekly Archaea publication update www.archaea.unsw.edu.au/
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and are not fundamentally different in their gene
and genome structure.

The content of archaeal genomes

On average about 87% of archaeal genomes are
covered with protein-encoding sequences (CDSs or
ORFs), which is equal to the situation known from
bacterial genomes and makes CDSs by far the most
frequent components of archaeal genomes (Tables
7.2, 7.3). The protein coding fraction of eukaryal
genomes is much lower than that of archaeal and
bacterial genomes. The range of protein coding cov-
erage in archaeal genomes ranges from 71.5% in M.
barkeri (Copeland et al., unpublished Genbank acces-
sion) to 93% in N. equitans, with only the large
genomes of the Methanosarcinales coding for pro-
teins on significantly fewer than 85% of their
genomes (Table 7.2).

The number of protein coding genes in archaeal
genomes ranges from 552 (N. equitans) to 4540 (M.
acetivorans). As stated in the previous section,
archaeal genomes harbor on average one protein
coding gene per kbp genome length, just like bacter-
ial genomes. The average length of archaeal protein
coding genes varies from 757bp (Pyrobaculum
aerophilum) to 936bp (M. acetivorans) (Table 7.3).
There is no clear correlation between the average
length of ORFs and lifestyle or other criteria linked to
genome or organism. Variation in annotation strate-
gies (e.g. cutoff values for inclusion or omission of
small ORFs without known homologues) can have a
significant effect on inferred average ORF lengths.
The number of protein families and members therein
generally increases with the genome size, because
accumulation of paralogous genes is one of the mech-
anisms leading to increased genome size and meta-
bolic variability (Table 7.3). Unfortunately, strategies
applied for inferring protein families are not stan-
dardized, so that the numbers given in Table 7.3 can
be taken only tentatively. Functionally annotated
genes can be categorized in 25 role categories. Plate
7.2 shows the distribution of genes by role category
in Crenarchaeota (red) and Euryarchaeota (blue).
Whereas the minimal and maximal number of iden-
tified genes within individual role categories can vary
significantly (depending in part on the quality of
annotation), average numbers are about equal for
Crenarchaeota and Euryarchaeota, with the largest

inter-phylum deviations in cell cycle control (func-
tionally different in the two phyla), cell motility, and
lipid transport and metabolism. The absolute number
of genes per organism varies least in translation, and
nucleotide transport and metabolism, but most in cell
motility, defense mechanisms, signal transduction,
and biosynthesis of secondary metabolites. Proteins
of genome-size independent categories are evenly
distributed across all genomes (e.g. information pro-
cessing), whereas the number of genes involved in
metabolism and regulation depend on the genome
size. Larger genomes require more complex regula-
tion of gene expression via an increased number of
genes encoding regulator proteins. Plate 7.2 also
shows a comparison of the relative fraction of genes
in archaeal, bacterial, and eukaryal genomes.
Archaea and Bacteria, use equal fractions of their
coding capacity for many role categories, but Archaea
use a significantly higher fraction for translation,
energy production, and general function prediction
only (reflecting the poor status of knowledge as com-
pared to Bacteria and Eukarya). Bacteria have the
highest fraction of genes involved in cell wall/mem-
brane biogenesis (murein sacculus) and the lowest
fraction of genes with unknown function, indicating
the wealth of information assembled over decades
from bacterial model organisms. Eukarya are espe-
cially rich in genes for signal transduction and intra-
cellular trafficking (and genes not included in the
clusters of orthologous groups (COGs) system).
Eukarya use relatively small fractions of their
genomes for translation, replication and repair,
defense mechanisms, cell wall/membrane biogenesis,
cell motility, energy production, and metabolism. The
relatively high fraction of archaeal and bacterial
genes in category X (not included in COGs) also con-
tains the novel gene pool associated with genomic
islands in Archaea and Bacteria (Hsiao et al., 2005).

Makarova and Koonin (2003a, 2005) revealed in
a detailed comparative analysis a conserved core of
303 genes represented in all 20 completed archaeal
genomes (without N. equitans, which is missing
nearly all metabolic genes from the core), plus a vari-
able “shell” that is prone to lineage-specific gene loss
and LGT. The majority of these Archaea-specific
genes have not yet been experimentally character-
ized. About 80 of these genes belong to the univer-
sally conserved core found in genomes of all
organisms (mainly information processing). Only 16
of the archaeal core genes are unique to Archaea

FEATURES OF THE GENOMES 83

GAR7  9/15/06  3:40 PM  Page 83



(with no homologs identified in any bacterial and/
or eukaryal genome; again ignoring N. equitans).
Seven of these Archaea-specific genes belong to
information processing or are poorly characterized.
Interestingly, only the gene for 23S RNA-specific
pseudoouridylate synthase appears to be present in
genomes of all Bacteria and Eukarya (through 
mitochondrial origin), but is absent in archaeal
genomes. The conserved core of archaeal genes has
been subject to many comparative analyses
(Makarova et al., 1999; Graham et al., 2000), mainly
for selection of an archaeal genomic signature and
for laterally non-transferable and therefore phylo-
gentically valuable marker molecules. As noted by
Nesbo et al. (2001) for the Euryarchaeota, the
hypothesis of a core of non-transferable genes has
not been proven and may even be unprovable (see
Chapter 3 in this volume). However, Brochier et al.
(2005a) applied phylogenetics analyses to concate-
nated sets of genes from transcription and translation
genes of the archaeal core and could demonstrate
that these lead to a coherent signal for archaeal phy-
logeny, despite the danger of undetected LGT (see
Chapter 2 in this volume). Charlebois and Doolittle
(2004) proposed to relax the requirement for ubiq-
uity for the assembly of phylogenetically balanced
sets of core genes and identified about 150 genes to
be members of the archaeal core (as compared to 64
bacterial core genes).

Crenarchaeota and Euryarchaeota were initially
divided based on 16S rRNA phylogenies. Compara-
tive genomics strongly supports this division, as a
number of genes for key proteins involved in DNA
replication, chromosome structure, and replication
are exclusively present in either euryarchaeal
genomes or crenarchaeal ones: Crenarchaeota lack
DNA polymerases of the D family, Eukarya-like his-
tones, replication protein RPA, and cell-division
protein FtsZ (reviewed in Brochier et al., 2005b).
Euryarchaeal genomes miss genes for r-proteins
S30e, S26e, S25e, and L13e. Non-orthologous gene
displacements (Koonin et al., 1996) as well as fun-
damentally different molecular mechanisms might
explain some of these differences between the 
two archaeal phyla. Sixty-one of the 303 COGs
shared by all archaeal genomes do have homologs 
in Eukarya, but not in the bacterial genomes
(Makarova & Koonin, 2003a, 2005). Not unexpect-
edly, all but two of these genes are involved in infor-
mation processing.

Genes for stable RNAs cover a much smaller frac-
tion of archaeal genomes (only about 1–2%). It is
noteworthy that only few of the higher branching
Euryarchaea encode two, but never more than three,
clusters of rRNAs. In general bacterial genomes
encode more genes for rRNAs and eukaryal genomes
encode far more rRNA genes. The rapidly growing
numbers of small noncoding RNAs in bacterial
genomes are described in Chapter 20 in this volume.

In summary, Archaea can be clearly distinguished
from Bacteria and Eukarya by their genome content
and sequence similarities of genes and encoded pro-
teins. In addition to the features specified above,
genes for the synthesis of the structurally unique
archaeal membrane glycerolipids, the lack of genes
for the synthesis of a murein-containing cell wall,
and most strikingly the organization of their infor-
mation-storage and processing systems (see Chapters
13–19 in this volume) strengthen the unique posi-
tion of the Archaea as an independent domain of life.

Lessons learned from 
archaeal genomes

Analysis of two dozen published archaeal genomes
has taught us lessons not only about the species from
which the individual genomes were derived, but also
about common genomic features of the phyla and
genera to which they belong, as well as the genetic
basis of their phenotypes, e.g. hyperthermophilia,
and about Archaea in general. Some of these lessons
were essential for our contemporary understanding
of the Archaea and the evolution of life on earth.
Unexpected knowledge about the enormous size of
genetic flux between individual species of Archaea
via LGT, as well as between Archaea and Bacteria,
arose from comparative genomics and shaped our
view of the Archaea as a distinctive domain within
the tree of life and our model for molecular evolu-
tion (see Chapter 3 in this volume). Comparative
genomics also led to a significantly improved and
more convincing model for the natural history and
internal structure of the Archaea (see Chapter 2 in
this volume). Archaeal genomes also contributed sig-
nificantly to the exciting expansion of our knowl-
edge on how the genetic code is translated not only
in the Archaea, but also in Bacteria and Eukarya (see
Chapter 18 in this volume).
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Lessons from 14 genomes of extreme
and hyperthermophiles

More than half of the completed archaeal genome
sequences originate from extreme thermophiles (Topt

75–90°C and hyperthermophiles (Topt ≥90°C). Due
to their small cell size, all cellular components of
these extreme and hyperthermophiles must have
intrinsic thermostability (Robb, 2004). Comparative
analysis of genome sequence derived proteomes
revealed that organisms with Topt >80°C (Table 7.2)
possess a significantly larger proportion of charged
amino acids (such as Asp, Glu, Lys, and Arg) versus
polar (noncharged) amino acids (such as Asn, Gln,
Ser, and Tyr) than mesophiles (Cambillau & Claverie,
2000; Suhre & Claverie, 2003). Analysis of the water
accessible surfaces of protein structures confirmed
this result, indicating the biophysical requirement for
the presence of charged residues at the protein
surface for further protein stabilization through ion
bonds (Cambillau & Claverie, 2000). Disulfide bonds
are rarely found in intracellular proteins, but
genomic data from hyperthermophilic Archaea con-
tradicted this well established observation from
many model organisms. Intracellular proteins of
hyperthermophilic Archaea, especially the Crenar-
chaea P. aerophilum and A. pernix, are rich in disulfide
bonds, implicating disulfide bonding in stabilization
of many thermostable proteins (Mallick et al., 2002).
In many cases, proteins from hyperthermophiles
have smaller subunits than homologous proteins
from mesophiles, corresponding to a more compact
structure with less internal voids, which are achieved
by smaller loops and shorter N- and C-termini
(reviewed in Robb, 2004). Genes for short non-
messenger RNAs (snos) are much more frequently
found in the genomes of hyperthermophiles (Table
7.3). This may be because of an inherent need for
methylations of structural RNAs in higher-tempera-
ture environments (Omer et al., 2000; Chapter 20 in
this volume).

With the exception of M. kandleri, and unlike the
bacterial hyperthermophiles, the genomes of extreme
and hyperthermophiles feature a relatively low G+C
content. Stability of the chromosome is instead
explained by DNA-binding proteins and positive
supercoils introduced into circular chromosomal DNA
by reverse gyrase, the only protein whose gene is
absolutely specific to genomes of all hyperther-

mophiles. Bacterial hyperthermophiles most proba-
bly received their reverse gyrase by LGT 
from archaeal hyperthermophiles (Forterre, 2002;
Chapter 2 in this volume). Although reverse gyrase is
apparently necessary for hyperthermophiles, its pres-
ence alone cannot explain the molecular basis of
hyperthermophilia. Detailed sequence and genome-
context analyses of COGs preferentially present in
archaeal and bacterial hyperthermophiles led to func-
tional predictions for several previously uncharacter-
ized protein families, including a putative DNA-repair
system that consists of more than 20 COGs, a group 
of putative molecular chaperones (COGs 2250 
and 1895), and a unique transcriptional regulator,
COG1318, that might be involved in adaptation  to
hyperthermal environments (Makarova et al., 2003;
modified in Makarova et al., 2006). The extreme
codon bias of archaeal hyperthermophiles towards
bacterial hyperthermophiles supports the abundant
evidence of LGT between thermophiles in general
(e.g. observation of 25% archaeal genes in Thermotoga
maritima), and begs the question of whether LGT in
general is pervasive in all organisms sharing the same
niche (reviewed in Robb, 2004; see also below on LGT
Thermoplasmatales/Sulfolobales). In this respective,
attempts at phylogenetic reconstruction from individ-
ual genes of (hyper-) thermophiles appear to be futile.

Lessons from five 
crenarchaeotal genomes

With about 1660 protein coding genes (62%) shared
by all three Sulfolobus genomes, the size of the
genomic core of the Sulfolobales equals that of the
Pyrococcales (see below), although Sulfolobales are
phylogenetically more diverse then Pyrococcales (see
Plates 2.2, 2.3 in this volume). About half of the
shared genes (866 genes) appear to be specific for the
Sulfolobales (Chen et al., 2005b). The extensive
genomic plasticity originally described for genomes
of S. solfataricus (201 IS elements covering 11% of 
the genome; She et al., 2001b) and S. tokodaii
(Kawarabayasi et al., 2001) turned out to be not
characteristic for all Sulfolobales. Sulfolobus acidocal-
darius contains no active mobile elements at all 
and maintained a stable genome organization (Chen
et al., 2005b). SRSR elements, however, are 
much more frequent in the genomes of all three 
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Sulfolobales than in other archaeal genomes (Table
7.2). Comparative analysis of the three genomes
allowed the identification of many short (<120
codons) putative genes conserved between the
genomes but previously ignored in annotation (Chen
et al., 2005b). The two other Crenarchaea with
sequenced genomes, A. pernix (Desulfurococcales) and
P. aerophilum (Thermoproteales), thrive under signifi-
cantly higher temperatures than the Sulfolobales,
with A. pernix being phylogenomically closer related
to the Sulfolobales (see Plate 2.3 in this volume). A.
pernix ORF0745, a putative gene without known
function, is the only predicted gene within the Cre-
narchaea that might contains an inteine. However,
this is only a theoretical prediction without func-
tional proof, and inteins might therefore be restricted
to euryarchaeal genes (92 reported inteins; Table
7.3). Disrupted genes for both subunits of adenylyl-
sulfate reductase were identified as a possible reason
for P. aerophilum’s unusual intolerance to sulfur (Fitz-
Gibbon et al., 2002). Repeat-tract instability in P.
aerophilum, the deepest branching crenarchaeon, was
interpreted as a consequence of the lack of a mis-
match repair system and a permanent mutator
lifestyle of the organism (Fitz-Gibbon et al., 2002).
Only later did it become clear that the set of genes
involved in crenarchaeal DNA-repair systems differs
significantly from that identified in euryarchaeal
genomes (see Chapter 15 in this volume). There is
only a limited number of genes (21 COGs; Makarova
& Koonin, 2003a) identified as signatures of the Cre-
narchaeota versus the Euryarchaeota. Interestingly,
none of the crenarchaeal genomes encodes ftsZ,
which is present in Euryarchaeota and Bacteria, indi-
cating a significant difference in cell division between
Cren- and Euryarchaotea. Genes encoding crenar-
chaeal tRNAs contain on average seven times more
introns (14–24) than those encoding euryarchaeal
tRNAs (2–5) (Table 7.3).

Lessons from four genomes 
of Thermococcales

The three Pyrococcus genomes are significantly poly-
morphic with respect to pathways for amino acid
biosynthesis and uptake and catabolism of several
carbohydrates. Genomes of Pyrococcus abyssi and Pyro-
coccus horikoshii, which are significantly smaller than

that of Pyrococcus furiosus (Table 7.2), are lacking the
genes for the biosynthesis of histidine, cobalamine,
several amino acids, and parts of the TCA cycle, as
well as fermentation capacity for polysaccharides,
whereas P. furiosus encodes the capacity to synthesize
all nucleotides as well as vitamins B6 and B12

(reviewed in Robb, 2004). Presumably, P. furiosus
gained the additional metabolic capacity by gene
duplications (more paralogous gene families) and by
lateral gene transfer, e.g. the mal operon, from Ther-
mococcus litoralis, which shares the same habitat.
Poole et al. (2005) raised serious doubts about the
quality of the annotation of the P. furiosus genome
(and other genomes) by reporting previously ignored
genes to be functional and by revealing dramatic dif-
ferences in annotation data of this genome in various
databases. Two types of long clusters of tandem
repeats (LCTRs) as well as eight inteins located at the
same insertion site are common to all three Pyrococ-
cus genomes, indicating a close relationship between
the three species (Lecompte et al., 2001). The newest
member of the Thermococcus genome family, Thermo-
coccus kodakaraensis (Fukui et al., 2005), is signifi-
cantly larger than and phylogenetically more distant
from the Pyrococcus genomes, but still shares more
than 52% of its genes with all three of them (corre-
sponding to 62% of all pyrococcal genes and almost
all genes shared as a core between the three pyro-
cocci), making it a perfect outgroup for comparative
genomic analyses. Although no extended segmental
syntheny could be detected between the genome of
T. kodakaraensis and the three Pyrococcus genomes,
there is no indication of recent lateral transfer from
other organisms into T. kodakaraensis to explain its
increased genome size (Fukui et al., 2005).

Lessons from the genome of N. equitans

The discovery of N. equitans (Huber et al., 2002a) and
the analysis of its genome by Waters et al. (2003)
belong to the most spectacular publications in
Archaea research since the M. jannaschii genome in
1996. With only 552 often split protein encoding
genes in the 0.49Mb chromosome, and highly
unusual split tRNA genes, this genome supplied
several unexpected highlights for archaeal genomics.
Huber and Rachel describe in Chapter 5 in this
volume most of the outstanding stories about this
organism and its genome. What remains to be 
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clarified is the “final” phylogenetic location of N.
equitans, either within the Euryarchaota as a sister-
branch of the Thermococcales (Brochier et al., 2005b;
Makarova & Koonin, 2005; Plate 2.3 in this volume)
or branching off below the Crenarchaeota (Fig. 5.2
in this volume), or even below the separation of Cre-
narchaeota and Euryarchaeota, representing a new
phylum, Nanoarchaeota, within the domain Archaea
(Waters et al., 2003). Comparative genomics by
Makarova and Koonin (2005) strongly supports the
first of the three options, because N. equitans encodes
five of the nine proteins that are shared by the Eur-
yarchaeota and not found in the Crenarchaeota,
whereas it lacks all 16 signature crenarchaeal pro-
teins. The availability of the genome sequence of the
host strain of N. equitans, Ignicoccus sp. KIN4/I, is
eagerly awaited to finally clarify N. equitans’s phylo-
genetic position within the Archaea and the early
history of the domain.

Lessons from seven genomes 
of the methanogens

Phylogenetically methanogens fall into two separate
groups: group I methanogens are specialized in CO2

reduction and include Methanococcales (two genomes),
Methanobacteriales (one) and Methanopyrales (one);
group II methanogens are specialized on reduction of
acetate and/or methyl compounds and include
Methanosarcinales (three) and Methanomicrobiales (see
Plate 2.3 in this volume). Methanogenesis is consid-
ered to be the main invention of the Euryarchaeota
(for details of the key enzyme of this process, methyl-
coenzyme M reductase, see Chapter 24 in this
volume). The genomes of all methanogens share the
same set of homologous genes encoding enzymes 
and cofactors required for methanogenesis (40 COGs
in Makarova & Koonin, 2003a), indicating that 
the invention of methanogenesis occurred only once
in the Euryarchaeota, probably after divergence 
from the Thermococcales (Bapteste et al., 2005a;
Chapter 2 in this volume). M. jannaschii was the first
and most successful archaeal genome story, because
this genome sequence more than doubled the
number of known archaeal genes and provided the
first opportunity to compare complete genetic com-
plements and pathways among all three domains of
life (Bult et al., 1996). Its analysis revealed to the

broader public what has been known to Archaea
researchers from individual pre-genomic studies: the
striking sequence similarity of archaeal and eukaryal
information-processing systems (transcription, trans-
lation, and replication) as compared to the higher
similarity of archaeal and bacterial genes encoding
components from energy production, cell division,
transport, and metabolism (Bult et al., 1996). The
presence of 18 inteins in 14 protein coding genes was
surprising, because archaeal inteins were previously
known only from few thermococcal DNA poly-
merases. The lack of genes for lysine and cyteine
aminoacid-tRNA synthetases spurred the successful
search for the corresponding enzymes that are not
homologous to their common eukaryal equivalents.
Surprisingly, a Bacteria-like ftsZ gene was identified,
which later turned out to be characteristic for the
Euryarchaeota only, as opposed to the Crenar-
chaeota, and which led to the idea that archaeal 
cell division might occur by a domain-specific 
mechanism. The closest relative to M. jannaschii
that has a completely sequenced genome 
is M. maripaludis (Hendrickson et al., 2004). 
Although the two genomes are almost identical in
size, the two methanococci, which differ dramatically
in their optimal growth temperature (85 versus 37
°C), show highest pairwise BLASTP scores for only
two-thirds of their genes, indicating massive lateral
gene transfers (Hendrickson et al., 2004). Equal to M.
jannaschii, the genetically traceable M. maripaludis has
the highest number of selenocysteine-containing
genes (nine) within the Archaea, but lacks any intein.
Curiously, the genome encodes for each of the
selenocysteine-encoding genes a cysteine-containing
paralog. Because both methanococci lack a homolog
of Cdc6, as well as discrete transitions in the GC skew,
it has been assumed that methanococci may employ
multiple origins for chromosome replication 
(Hendrickson et al., 2004). Analysis of the 
Methanothermobacter thermoautotrophicus (formely
Methanobacterium thermoautotrophicum) genome 
confirmed most of the Archaea-specific features
described one year earlier for M. jannaschii, adding
nitrogen fixation, regulatory functions, and interac-
tion with the environment to the more Bacteria-like
functions of the Archaea (Smith at al., 1997). M. ther-
moautotrophicus was the first sequenced archaeal
genome with many two-component sensor kinase-
response regulator systems, as well as Hsp70, DnaK,
and DnaJ.
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The obscure, deep-branching lineage of M. kand-
leri in pre-genome era 16S rRNA phylogenies was
very puzzling. The extreme position has been sup-
ported by primitive terpenoid lipids in its mem-
branes, an extremely high intracellular salinity, as
well as the possession of several unique enzymes,
e.g. a two subunit reverse gyrase (Slesarev et al.,
2002). Comparative genomics analyses and phyloge-
nies based on gene content as well as on concate-
nated r-proteins safely placed M. kandleri as the
deepest branch within the group I methanogens
(Slesarev et al., 2002; Plate 2.3 in this volume). Pre-
vious odd placements in various phylogenies, 16S
rRNA and DNA-directed RNA polymerase, were
explained with fast evolutionary rates in the respec-
tive lineages (see Chapter 2 in this volume). M. kand-
leri shares a core of 801 COGs-genes with the other
group I methanogens (about 47% of its gene com-
plement), 59 of them to the exclusion of all other
genomes (Slesarev et al., 2002). Its genome has
almost exactly the same size as those of the other
group members (that is, one-third the size of group
II methanogen genomes; Table 7.2), and next to the
two methanococci M. kandleri is the archaeon with
the highest number of selenocysteine-containing
genes (Table 7.3). M. kandleri’s set of methanogene-
sis genes as well as the organization of some of its
operons is clearly shared with the other group I
methanogens (Slesarev et al., 2002). The organism
is, however, distinct in its paucity of proteins
involved in signaling and regulation and an unusu-
ally high fraction of negatively charged amino acids
in its proteins (pI about 5, the highest within the
Archaea next to the extreme halophiles).

In addition to their phylogenetic location (Plate
2.3 in this volume) and substrate (acetate) specificity,
group II methanogens with completely sequenced
genomes also differ from group I methanogens by
their significantly larger genome size of 4.90±0.83
Mbp versus 1.69±0.04Mbp, representing by far the
largest archaeal genomes. This may only in part be
explained by the lowest coding coverage of all
archaeal genomes, 73.6% (compared to 89.2% for
group I methanogens; Table 7.2), the longest average
ORF size, 925bp (compared to 804bp for extreme
halophiles; Table 7.3), and unusually long inter-
genic regions (on average 341bp in M. acetivorans
versus 122bp in A. fulgidus). The three species 
of Methanosarcinales whose genomes have been

sequenced, M. acetivorans (Galagan et al., 2002), M.
mazei (Deppenmeier et al., 2002), and M. barkeri
(Copeland et al., Genbank NC0007355, October
2005), are also the only species for which pyrroly-
sine as the actively used twenty-second amino acid
(amber suppression) has been demonstrated (see
Chapter 18 in this volume and Table 7.3). Genomes
of the Methanosarcinales encode a strikingly wide and
unanticipated variety of metabolic and cellular capa-
bilities, including three pathways for methanogene-
sis (nearly 200 genes) and the presence of single
subunit CO dehydrogenase, indicating the surprising
possibility of non-methanogenic growth (Galagan et
al., 2002). Unusually large species-specific gene fam-
ilies also contribute to the extremely large genome
size of M. acetivorans. In this perspective the second
largest multigene family of M. acetivorans is especially
noteworthy, because it encodes secreted proteins
involved in generating the cell envelope as well as
an extracellular matrix during the formation of 
multicellular structures (Galagan et al., 2002).
Homologs of this family are also present in M. mazei.
Methanosarcinales contain surprisingly many genes for
which homologs are absent in other archaeal
genomes, but are frequently found in the Bacteria.
For M. mazei 1043 ORFs (31%) fall into this group
(Deppenmeier et al., 2002), including genes for all
four GroES/L systems (unique for Methanosarcinales
within the Archaea), indicating massive LGT 
from Bacteria thriving in the same habitat. With 
only 376 ORFs (11% in M. mazei) the fraction of
genus-specific ORFs is relatively small for
Methanosarcinales, as compared to Pyrococcales and 
Sulfolobales, although their phylogenetic depth is
much lower (Plate 2.3 in this volume). Unique
among methanogens, M. acetivorans appears to
possess genes for all three types of nitrogenases
(molybdenum/iron, vanadium/iron, and iron only),
indicating the importance of nitrogen fixation for the
organism (Galagan et al., 2002).

Lessons from the genome of A. fulgidus

A. fulgidus was one of the very first (archaeal)
genomes to be sequenced (Klenk et al., 1997a), with
M. jannaschii as the only archaeal genome for com-
parison at the time of annotation. The content of the
A. fulgidus genome confirmed much of what was first
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posted for M. jannaschii. Archaeoglobales are the only
archaeal sulfate-reducers; therefore it was obvious
that many of the genes involved in sulfate metabo-
lism were categorized as bacterial-like, received via
LGT. Discovery of 57 genes involved in degradation
of hydrocarbons and organic acids (previously
unknown for Archaea) expanded the idea of A.
fulgidus being the frequent recipient of genes from
Bacteria. Meanwhile it became clear that the
Archaeoglobales share this general feature with their
closer phylogenetic neighbors in the upper part of
the euryarchaeotal branch of the Archaea (Plate 2.3),
class II methanogens and extreme halophiles. Com-
parison of the A. fulgidus proteome with the con-
temporary set of archaeal proteomes using IMG
Phylogenetic Profiler (for website see Table 7.4; max.
E-value 10−5, minimum 30% identity) revealed that
A. fulgidus shares more genes with class II
methanogens (1031) than with other archaeal
genera: Thermococcales (740), extreme halophiles
(736), Sulfolobales (705), class I methanogens (621),
Thermoplasmales (512), and N. equitans (284). 
All 24 archaeal genomes share 232 genes using 
these comparative parameters. The 47 genes 
specifically shared with the methanogens include 
all those encoding components of methanogenesis
from formylmethanofuran to N5-methyltetrahy-
dromethanopterin, used by A. fulgidus for reverse
methanogenesis. Results from comparative genomics
analysis fit nicely with the phylogenetic location 
of the hyperthermophilic A. fulgidus next to the
mesophilic class II methanogens and the extreme
halophiles. Like M. jannaschii, A. fulgidus developed
into an archaeal model organism with more than 230
Medline referenced papers in the eight years since
the genome publication, as compared to 24 papers in
the decade between its discovery and the decoding
of the genome.

Lessons from three genomes 
of Thermoplasmatales

Thermoplasmatales and Sulfolobales share not only the
same hot, acidic habitat, but also a significant frac-
tion of genes (6–11%) not found in genomes of
organisms living in different habitats (Fütterer et al.,
2004). Due to LGT between phylogentically only dis-

tantly related Cren- and Euryarchaea the proteomes
of these organisms are more similar to each other
than to phylogentically more closely related organ-
isms from the respective kingdom: ecological close-
ness overrides phylogenetic relatedness (Fütterer et
al., 2004). The set of laterally exchanged genes con-
tains mainly components of the protein degradation
system and various transport proteins, but none from
information processing systems (Ruepp et al., 2000).
Based on the skewed distribution of Sulfolobus-like
genes in the genome of Thermoplasma acidophilum, it
has been concluded that only a few large genetic
transfers led to this marvelous adaptation to the
shared extreme environment (Ruepp et al., 2000).
As opposed to Sulfolobales and hyperthermophilic
bacteria, Thermoplasmatales harbor 6–20 times more
secondary solute transport systems, indicating the
predominant use of proton-driven transport systems
as adaptation to the extreme environment (Fütterer
et al., 2004). The increased fraction of hydrophobic
amino acids on the surface might contribute to acid
stability of proteins from Picrophilus torridus, which
shows an unusually low intracellular pH of 4.6. Puta-
tive genes encoding enzymes involved in diether and
tetraether lipid biosynthesis, as well as S-layer pro-
teins in P. torridus, provide hints for the adaptation of
the membrane to the acidic environment, but no
deductive reason for acid resistance of the cell wall-
less Thermoplasmatales (Fütterer et al., 2004). It is still
unclear which structure could function as the stator
for flaggellar rotation in Thermoplasmatales (Ruepp et
al., 2000). A domain conserved in many archaeal S-
layers might serve as a scaffold for secreted proteases
(Ruepp et al., 2000). Although the enhanced living
temperature and (for P. torridus) the low intracellu-
lar pH call for very efficient DNA repair systems, it
remains puzzling that Thermoplasmatales encode
homologs neither for the eukaryal excision repair
(NER) genes nor for UvrABC proteins typical for the
Bacteria. The complete lack of Eukarya-like genes in
the T. acidophilum genome ended the debate of Ther-
moplasma-like organisms being a possible ancestor of
the eukaryal cytoplasm in the endosymbiosis
hypothesis. Computational analysis of the Thermo-
plasma volcanium genome sequence revealed an
increasing clustering frequency of purines and
pyrimidines, respectively, with rising optimal growth
temperature, correlating with a loss of DNA flexibil-
ity at higher temperatures (Kawashima et al., 2000).
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Lessons from three genomes of 
extreme halophiles

A general characteristic of genomes of halophilic
archaea is a bipartite genome-content organization
in the form of one large high G+C content chromo-
some (62–68%) and multiple (2–8) smaller replicons
of lower G+C content. Haloarchaeal origins of repli-
cation are found around the maximum, not the
minimum, of cumulative GC skew plots (Falb et al.,
2005). A relatively large number of IS elements are
spread all over the genomes of extreme halophiles,
with a higher density of repeat elements in the
smaller replicons. It has been suggested that the IS-
element rich extra chromosomal elements contribute
to the evolution of halophile genomes by facilitating
acquisition of new genes (Ng et al., 2000). The pre-
dicted proteomes of all extreme halophiles are highly
acidic (median pIs between 4.2 and 5), indicating
that halophilic archaea use a strategy of high surface
negative charge of folded proteins as a means to cir-
cumvent the salting-out phenomenon in a hyper-
saline cytoplasm (Baliga et al., 2004b). Genome
comparison suggests a common ancestor for M. moris-
mortui and Halobacterium species NRC-1, with the
latter being reduced in size (Baliga et al., 2004b). The
larger genome enables H. marismortui to encode an
unusually large number of environmental response
regulators and metabolic genes, to exploit more
diverse environments, and to depend on fewer 
nutritional requirements than strain NRC-1. Papke
et al. (2004) demonstrated recently by multilocus
sequence typing that Haloarchaea exchange genetic
information promiscuously, exhibiting a degree of
linkage equilibrium approaching that of a sexual
population. Preliminary analysis of three of the six
halophile genomes presently in the sequencing
pipeline (Table 7.5; Goo et al., 2004) confirmed the
general features described above, with chromosomal
G+C contents above 60%, extremely acidic pro-
teomes, and multiple encoded copies of TATA box
binding proteins (TBP) and transcription factor IIB
(TFB) homologs. The latter indicates complex types
of transcriptional regulation through TBP–TFB com-
binations in response to rapidly changing environ-
mental conditions (Goo et al., 2004). In addition to
a complex cell envelope consisting of glycoproteins,
which has been predicted from the encoded proteins,
the haloalkaliphilic N. pharaonis links several of its

secreted proteins by lipid anchors to its cell mem-
brane as a protection against alkaline extraction of
these proteins from the cell membrane.

There is one lesson from the archaeal genomes that
has unfortunately not been learned by all (micro)biol-
ogists, not even by all Archaea specialists: the genomes
of the Archaea are not mosaics with a “bacterial” and a
“eukaryal” part, and the archaeal genes (proteins)
that feature higher sequence similarity to some
homologs in the Bacteria (or Eukarya) are not neces-
sarily bacterial (and probably never eukaryal) in
nature. Certainly, some or even many bacterial genes
have been laterally transferred from species of Bacteria
to species of Archaea, but in general many of the genes
for metabolic enzymes belong to a gene pool that is
shared by Archaea and Bacteria, frequently exchanged
through LGT. Higher degrees of sequence similarity
between archaeal and eukaryal homologs (as opposed
to bacterial homologs), e.g. proteins from information
processing categories, indicate that ancient archaeal
genes encoding these components might have con-
tributed to the formation of information processing
systems of the Eukarya, or that the matching eukaryal
homolog originated from a previously laterally trans-
ferred archaeal gene, but not the other way around.
Archaea constitute, just like the Bacteria, one of the
two fundamental natural designs of life (often erro-
neously joined as “prokaryotes”) that differ signifi-
cantly in the principal components of their
information processing systems, and that both con-
tributed to the formation of the third, derived design,
the Eukarya.

Internet resources and problems in
genome annotation

Genomics and widespread use of the Internet arose
at about the same time in the mid-1990s. Efficient
handling and worldwide availability of the enormous
amount of data, unprecedented in biology before the
genomic era, would not have been possible without
the fast tracks through the web, especially for data
comparison with sequence databases. Therefore,
microbial genomics was from the very beginning
tightly linked to the worldwide web, probably more
than any other biological discipline. Table 7.4 lists a
selection of uniform resource locators (URLs) for
databases and software tools that are useful for
archaeal (and bacterial) genomics.
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Table 7.5 Genomes in progress.

Size
Species (Mbp) Status Institution

Acidianus brierley Sulfolobales 1.8 in progress UC
Caldivirga maquilingensis Thermoproteales 2.2 in progress JGI
Cenarchaeum symbiosum Cenarchaeales 3.7 complete MBARI
Ferroplasma acidarmanus Thermoplasmales 2.0 in progress JGI
Halobacterium salinarum Halobacteriales 2.0 complete MPIB
Halobaculum gomorrense Halobacteriales ? in progress ISB/UMBI
Halobiforma lacisalsi Halobacteriales ? in progress Zhejiang University
Haloferax volcanii DS2 Halobacteriales 4.2 in progress TIGR & IG (ATCC29605)
Halorubrum lacusprofundi Halobacteriales 4.3 in progress ISB & JGI (ATCC49239)
Haloquadratum walsbyi Halobacteriales ? in progress MPIB
Hyperthermus butylicus Desulfurococcales 1.7 complete UoC/e.gene
Ignicoccus species KIN4-1 Desulfurococcales ? complete Diversa
Methanobrevibacter ruminantium Methanobacteriales ? in progress AgResearch
Methanococcoides burtonii Methanosarcinales 2.6 in progress JGI/UMBI
Methanococcus voltae Methanococcales ? in progress IG/MD
Methanocorpusculum labreanum Methanomicrobiales 2.3 in progress JGI
Methanoculleus marisnigri Methanomicrobiales 2.2 in progress JGI
Methanogenium frigium Methanomicrobiales 5.0 in progress UNSW/MD/JCVI/AGRF
Methanosaeta concilii Methanosarcinales ? in progress UW/Clamson Univ.
Methanosaeta thermophila Methanosarcinales 3.0 in progress JGI
Methanosarcina thermophila Methanosarcinales ? in progress G2L
Methanosphaera stadtmanae Methanobacteriales 1.7 complete G2L/MPITM
Methanospirillum hungatei Methanomicrobiales 2.8 in progress JGI
Methanothermococcus thermolitho. Methanococcales ? in progress IG/MD
Methanothermus fervidus Methanobacteriales 1.7 in progress JGI
Natrialba asiatica Halobacteriales ? in progress ISB/UMBI
Pyrobaculum arsenaticum Thermoproteales 2.2 in progress JGI
Pyrobaculum calidifondis Thermoproteales 2.2 in progress JGI
Pyrobaculum islandicum Thermoproteales 2.2 in progress JGI
Staphylothermus marinus Desulfurococcales 1.7 in progress JGI
Sulfolobus islandicus Sulfolobales ? in progress UC
Thermococcus gammatolerans Thermococcales ? in progress Université Paris Sud
Thermophilum pendens Thermoproteales 2.2 in progress JGI
Thermoproteus neutrophilus Thermoproteales 2.2 in progress JGI
Thermoproteus tenax Thermoproteales 1.8 complete UED/MPIDB/e.gene

Abbreviations: AGRF, Australian Genome Research Facility, CNRS, G2L, Göttingen Genomics Laboratory; IG, Integrated
Genomics; ISB, Institute for Systems Biology; JCVI, J. Craig Venter Institute; JGI, Joined Genome Institute; MBARI,
Monterey Bay Aquarium Research Institute; MD, Molecular Dynamics; MPIB, Max-Planck-Institute for Biochemistry;
MPIE, Max Planck Institute for Developmental Biology; MPITM, Max-Planck-Institute for Terrestrial Microbiology;
TIGR, The Institute for Genomic Research; UED, University Essen–Duisburg; UMBI, University of Maryland
Biotechnology Institute; UC, University of Copenhagen; UNSW, University of New South Wales; UW, University of
Washington.

Institution/institution, collaboration projects; institution & institution, independent sequencing projects.
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The enormous growth rate of microbial genomic
data, which has doubled every 18 months over the
past few years (Table 7.1), will continue at least for
several years, even considering only the ongoing
genome sequencing projects (Tables 7.1, 7.5), but
might even accelerate again due to already foresee-
able technological progress in sequencing technol-
ogy. Data published in printed genome papers
describe the actual status at the time of sequence
production and annotation, and therefore become
outdated much more quickly than conventional pub-
lications. Annotation errors cannot be corrected and
efficiently transmitted to the scientific community,
resulting in propagated errors within the databases.
Only routinely updated web resources like those fea-
tured in Table 7.4 enable the maintenance of timely
and accurate genomic data. The recent update on the
P. furiosus genome by Poole et al. (2005) provides an
excellent overview of the rapid development (P. furio-
sus genome was initially published in 2001 by Robb
et al.) and the contemporary difficulties in archaeal
genome annotation, starting with such “simple” facts
as determining the number of genes encoded in a
genome. Most modern publicly available resources,
such as the Joint Genome Institute’s Integrated
Microbial Genomes system (IMG, Table 7.4), the 
Fellowship for Interpretation of Genomes’ SEED
system, and CeBiTec’s BRIDGE software environ-
ment (www.cebitec.uni-bielefeld.de), enable resear-
chers, rather than annotating gene by gene in a given
genome, to annotate a specific set of genes across a
large number of genomes, facilitating the visualiza-
tion and exploration of genomes from a functional
and evolutionary perspective. However, functional
annotation of proteins predicted in genomic
sequences is still predominantly based on similarities
to homologs deposited in the databases. As a result
of the possible strategies for divergent evolution,
homologous enzymes frequently do not catalyze the
same chemical reaction, and therefore assignment of
function from sequence information alone should be
viewed with some skepticism (Gerlt & Babbitt,
2000). Another recently realized problem is the dis-
covery that many proteins have multiple functions
(moonlighting proteins; Jeffery, 1999), e.g. Sso7d,
featured in Chapter 13 in this volume. Contempo-
rary protein classification systems and with them the
structure of databases are not well prepared for sys-
tematic categorization of these enzymes. This holds
too for the classification of proteins composed of

domains with distinct but different functions (Baliga
et al., 2004b).

Considering the problems of contemporary
genome databases, e.g. lack of functional annotation
in as many as 40% of the predicted genes, lack 
of functional validation for most predicted genes, 
and about 5–10% incorrect functional predictions,
improvements are desperately needed. An American
Academy of Microbiology colloquium on “An 
experimental approach to genome annotation” (held
in Washington, DC, 2004; report available from
www.asm.org) recently addressed the critical chal-
lenge of microbial genome annotation and proposed
a massive annotation initiative to improve the
quality status of genome annotation in order to avoid
tremendously growing problems in further explod-
ing databases. Accurate and complete annotation of
archaeal (and other) genomic data is vital to make
full use of genomic data, but there are great defi-
ciencies in currently available annotation sources. A
number of early annotation errors have been prop-
agated within the public databases, and the timeli-
ness of incorporation of novel experimental data for
previously functionally unknown genes is not satis-
fying. To address these problems it has been proposed
to establish a single central source of annotation
information that is regularly updated and is distinct
from current archival databases, as a point of refer-
ence for future annotators.

Prospects for archaeal genomics

The great days of microbial genomics expired as
quickly as they appeared. Premier journals are no
longer lining up to publish each microbial genome
sequence, but instead turn to a more stringent policy
for handling genome manuscripts. Regular reports
on newly sequenced genomes, like Microbiology’s
monthly Genome Update section, get phased out
because summarizing the outcomes of genome
sequencing studies is no longer of special interest for
general (micro)biologists. Within only one decade,
genomics lost its glamour and became a “regular”
field of life sciences. This does not, however, mean
that genome sequencing and analysis is retreating.
On the contrary, Table 7.1 indicates more than 1000
genome sequencing projects in progress and more
than 100 completely sequenced genomes presently
waiting for publication. This is 3.5 times more
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genomes than are presently stored in public data-
bases (data from GOLD, TIGR, and Sanger Institute
databases; see Table 7.4). Table 7.5 lists six com-
pletely sequenced but not yet published archaeal
genomes, and 30 ongoing genome sequencing proj-
ects, whose outcome will soon more than double the
archaeal genome data (to more than 140,000 protein
coding genes). As impressive as these lists and
numbers are, they also indicate a dramatic loss in
interest in archaeal genomics, as compared to
genomics of Bacteria and Eukarya. In 1997 one-
quarter of all sequenced genomes were of archaeal
origin (Table 7.1); now Archaea represent fewer than
8% of the genomes, and barely 3% of the genomes
in the contemporary production pipeline. One
reason for this dramatically shrinking interest in
archaeal genomes might be that a lot of the original
interest in these genomes originated from phyloge-
netics and evolutionary biology, and much of this
interest has been satisfied by a fairly good genome
coverage of the archaeal part of the “tree of life.”
Enzymes derived from the genomes of extremophilic
Archaea (and Bacteria) had a great impact in
biotechnology, calling for many genomes of the
extremophiles to be sequenced. The contemporary
microbial genome sequencing pipeline is, however,
clearly dominated by medically important pathogens
in search of novel targets for therapeutic applica-
tions, complemented by genomes mostly from
organisms involved in global climate change, biore-
mediation, and energy production.

The interest in archaeal genomics might, however,
soon rise again. Over the past decade, large-scale
diversity studies have shown that Archaea are far
more frequent in moderate habitats than previously
expected (see Plate 4.1 in this volume). In a number
of metagenomic studies (Table 4.1 in this volume) it
has been demonstrated that a lot of information
about as yet uncultivated Archaea can be gained by
sequencing genome fragments, which might eventu-
ally lead to the cultivation of new organisms with
novel physiological properties, e.g. the Korarchaeota
(for review see Chapter 4 in this volume). Studying
whole communities of Archaea (and Bacteria) on the
genomic level has become feasible over the past few
years, and finally put several community sequencing
projects in the genomic sequencing pipeline, e.g. at
the DEO Joint Genome Institute: sequencing of an
obsidian hot spring community from Yellowstone,
sequencing of a euryarchaeal community from acid

mine drainage, sequencing of root-colonizing Cre-
narchaea and their community, and sequencing of a
Korarchaeota community from which to date there
are no representatives in pure culture, with nothing
being known about their properties (information
from JGI website; see Table 7.4). These community
sequencing efforts will also reveal plenty of new viral
genomes and thereby enlarge the rapidly growing
cornucopia of archaeal viruses described in Chapter
6. No environment will be too extreme or too far off
for the pioneers of environmental genomics, like
Craig Venter, who now moves on from sequencing
the Sargasso Sea (Venter et al., 2004) to sequencing
the genomes of all the microbes floating in the air of
New York (New York Air metagenomics project,
www.venterinstitute.org/). It may sound futuristic,
but metagenomics of human wounds, which is about
to take off soon, might even lead us to the discovery
of species of archaea with impact on human health
(see Chapter 25). Only recently, we have learnt from
the analysis of the Nanoarchaeum genome (see
Chapter 5) that there is a good chance for discover-
ing yet unknown species or genera of Archaea whose
conserved phylogenetic marker genes (16S rRNA)
are so different from established standards that the
“universal” primers and probes used in biodiversity
studies will not match them. Only large scale, unbi-
ased, metagenomics projects, like the Sargasso Sea
sequencing and the New York air genomics project,
will open the doors into uncharted territory, e.g. new
phyla within the Archaea.

Over the past decade, since the publication of the
first archaeal genome sequence, our knowledge of
archaeal genomics (represented by the sequences in
public databases) grew at an average annual rate of
about 58% (equals 18 months for knowledge dupli-
cation). Assuming that this pace might be main-
tained for the coming years, which appears realistic
in view of the growing size of the sequencing
pipeline, we can estimate that archaeal sequence
databases will hit one million protein coding genes
(1000 times the number collected during the pre-
genomic era) or 1 billion bp by around 2012. With
an approximate 98% decrease in sequencing costs
over the past decade, and a similar decrease already
announced for sequences to be generated with the
new generation of nanotechnology-based genome
sequencing systems that are in the process of enter-
ing the market, generating this amount of sequence
information will not be a budgetary problem. The
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rate-limiting techniques for the middle-term growth
of archaeal genomics knowledge are functional
genomics, bioinformatics, and databases to extract
knowledge from the flood of sequences. As stated in
Chapter 4 in this volume, meta-transcriptomics and
meta-proteomics studies should soon be ready to
take off to complement the vastly growing amount
of genome sequence data for a more comprehensive
picture about the naturally occurring archaeal (and
bacterial) communities, and how they react to
diverse environmental conditions.

As with Bacteria and Eukarya, there are still plenty
of conserved hypothetical and unknown archaeal
genes in the databases waiting for functional 
characterization (about 40% of all cataloged genes).
A serious approach to biochemical validation of 
these gene functions is required to increase the
quality of archaeal genome annotation, and to
enhance our understanding of archaeal genome
sequences. Results from improved annotation proce-
dures that include analysis of domain fusion associ-
ation, phylogenetic pattern association, operons, and
protein families will suggest new ideas for putative
functions of many proteins that presently lack any
functionally characterized homologs in public data-
bases. The highest priority should therefore be given
to conserved hypotheticals found in many different
archaeal genomes. Transcriptomic, proteomic, and
structural genomic approaches, like the one
described in Chapter 21 in this volume for P. 
furiosus, or the systematic approach for characteriza-
tion of H. salinarum by Dieter Oesterhelt
(www.biochem.mpg.de/oesterhelt/), will contribute
significantly to a new level of understanding of
archaeal gene functions in order to solve questions
such as the structural basis for life under extreme
environmental conditions. As important as the eval-
uation of novel biochemical functions for currently

hypothetical archaeal genes is the validation of
already functionally described genes. With the recent
reevaluation of some parts of the P. furiosus genome
(Poole et al., 2005), we can assume that a substan-
tial fraction of the data stored in our databases is
erroneous and might therefore seriously endanger
functional (expression) and structural analyses that
depend on, for example, the correct prediction of
ORF-starts.

Understanding of gene function from annotation
can only be a first step towards a better comprehen-
sion of the complexity of whole archaeal cells. Still,
annotation is often not more than the cataloging of
protein functions. Many of the initial archaeal (and
bacterial) genome papers are striking examples of
such approaches to microbial genomics. Much more
information about interactions of gene products,
about which we know very little at this time, is
required for an improved understanding of the
whole systems of living archaea. We have to learn
how the interaction of the individual components
that make up an archaeal cell will result in a func-
tional system that is “more than the sum of its parts,”
that is alive. Mathematics will join in at a substantial
level to integrate genomics, proteomics, and bio-
informatics in modeling the interactions between the
numerous components of living cells. Systems biol-
ogists will be able to understand whole archaeal cells
(and communities thereof) by studying the products
encoded in the genomes, and how they interact in
synergistic networks to accomplish the complex
functions of life. Modeling of whole archaeal systems
will finally close the circle and guide microbiologists
out of the still dominating reductionistic view of
organisms, back to Beijerink’s holistic vision of the
microorganisms, and thereby fulfill the vision of a
new biology as described by Carl Woese in Chapter
1 in this volume (see also Woese, 2004).
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Introduction

Strains of the genus Sulfolobus have been isolated globally from acidic solfataric fields and they are facul-
tatively chemolithoautotrophic, growing via oxidation of sulfidic ores, sulfide, S°, or tetrathionate, with 
the production of sulfuric acid, and organotrophically (Huber & Stetter, 2001). Known strains are strict 
aerobes and grow optimally at about 80°C and pH 2–3 and can be cultured on complex organic substrates.
Sulfolobus strains constitute the most widely studied Crenarchaea because: (i) they are relatively easy to 
culture; and (ii) many diverse extrachromosomal genetic elements have been characterized for Sulfolobus. The
latter include novel cryptic and conjugative plasmids as well as viruses exhibiting highly unusual and diverse
morphotypes and genomes (reviewed in Zillig et al., 1998; Prangishvili et al., 1998a; Prangishvili & Garrett,
2005).

Thus, much of our current knowledge of crenarchaeal and archaeal mechanisms of DNA folding, 
DNA replication, DNA repair, integration, and conjugation, as well as RNA transcription, translation, 
modification, and processing and intron splicing, and properties of the cell cycle, derives from studies on Sul-
folobus species and many of these earlier developments are considered elsewhere in this book. One of the
most important early developments, which had a major impact on the development of the archaeal field, 
was the demonstration by Zillig and co-workers that the RNA polymerase complex of Sulfolobus acidocaldar-
ius and other Archaea is eukaryal in character, not bacterial (summarized in Pühler et al., 1989; Langer 
et al., 1995).

Studies of these basic cellular processes have developed and expanded rapidly with the availability of chro-
mosomal sequences from S. acidocaldarius (Chen et al., 2005b), which was the first hyperthermoacidophile to
be isolated and is the type strain of Sulfolobus (Brock et al., 1972), the ubiquitous Sulfolobus solfataricus P2 (She
et al., 2001b), Sulfolobus tokodaii, strain 7 (Kawarabayasi et al., 2001) and, recently, Sulfolobus islandicus
HVE10/4 (K. Brügger, unpublished). In addition, many diverse Sulfolobus plasmids and viruses have been
sequenced (for an interactive Sulfolobus database see http://dac.molbio.ku.dk/dbs/Sulfolobus).

What these sequencing data have revealed is that complex rearrangements can occur in both chromosomes
and extrachromosomal elements by a variety of mechanisms. This chapter is limited to describing the prop-
erties of these genomes and, in particular, the mechanisms of rearrangement and change that bear on the
survival, adaptation, and interaction of Sulfolobus strains, and their extrachromosomal elements. Integrative
processes in Sulfolobus genomes are considered separately (Chapter 10 in this volume).

8
Sulfolobus genomes: mechanisms of

rearrangement and change

Kim Brügger, Xu Peng and Roger A. Garrett
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Chromosome variation

The chromosomal gene pool is well conserved in Sul-
folobus species. This is illustrated in the circle plot in
Plate 8.1, where we show that about three-quarters
of the genes of S. solfataricus, S. tokodaii, and S. acido-
caldarius are homologs shared with one, or both, of
the other two species (Chen et al., 2005b). Moreover,
many of these homologous genes are arranged in
conserved operon structures. However, the overall
gene order is poorly conserved. To illustrate this, we
present in Plate 8.2 pairwise alignments of genes in
the chromosome of S. acidocaldarius with homolo-
gous genes in S. solfataricus and S. tokodaii starting 
at a conserved region adjacent to one of the con-
served replication origins (Brügger et al., 2004). A
perfectly conserved gene alignment would yield 
two crossing diagonal lines. Clearly this is not so. In
fact, the almost complete absence of diagonal lines
indicates that the gene order shows very little con-
servation between the two pairs of chromosomes
and a similar result is obtained when the chromo-
somes of S. solfataricus and S. tokodaii are aligned. We
infer that a major contribution to this extensive chro-
mosome shuffling, at least in S. solfataricus, S. tokodaii,
and S. islandicus, is the large number of diverse and
potentially mobile genetic elements (Brügger et al.,
2004).

IS elements

The autonomously mobile insertion sequence (IS)
elements invariably encode a transposase that facili-
tates their transposition and, sometimes, an ad-
ditional resolvase, which may determine their
replicative mechanism. Most of the IS elements carry
inverted terminal repeats (ITRs), which provide a

target for the IS element-encoded transposase. They
have been classified into different families on the
basis of the transposase gene/protein sequence and
the nature of their ITRs (Brügger et al., 2002). All
the sequenced Sulfolobus chromosomes, except that
of S. acidocaldarius, carry representatives from many
different IS element families, and some are present
as multiple copies of elements that are identical, or
almost identical, in sequence. In contrast, the S. aci-
docaldarius chromosome contains only four IS ele-
ments, all of which may be inactive (Chen et al.,
2005b). A summary of the type and number of 
these elements in Sulfolobus chromosomes is given in
Table 8.1.

For S. solfataricus, intact IS elements constitute
about 10% of the total chromosome. In addition,
many fragments of IS elements are present, includ-
ing fragments of IS elements that are no longer
present in an active, intact, form (She et al., 2001b;
Brügger et al., 2002; Boult & Grogan, 2005).

MITEs

The nonautonomous miniature inverted-repeat
transposable elements (MITEs) of Sulfolobus are con-
sidered to be mobilized by transposases encoded in
IS elements that recognize their ITRs (Redder et al.,
2001). These elements fall into two types. Type I
MITEs are formed from IS elements as a result of the
deletion of part, or all, of the transposase gene, but
they retain some of the internal sequence of the orig-
inal IS element, in addition to the ITR. They can, in
principle, be mobilized by a transposase encoded by
another copy of a similar IS element, which recog-
nizes the ITR. They occur in nine identical copies in
S. tokodaii chromosomes (Kawarabayasi et al., 2001)
and in multiple copies in Aeropyrum pernix and
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Table 8.1 Summary of the IS elements in Sulfolobus genomes.

Organism IS elements families (n.a.) Total no. Families

S. acidocaldarius 4 (2) 4 IS110, IS605
S. solfataricus 25 (3) 201 IS4, IS5, IS110, IS256, IS605, IS630/Tcl, ISL3
S. tokodaii 12 34 IS4, IS110, IS605
S. islandicus 20 (3) 116 IS1, IS4, IS5, IS110, IS256, IS605, IS630/Tcl, ISL3

n.a., not assigned.
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Methanocaldococcus jannaschii (Brügger et al., 2002,
2004). Given that they invariably coexist in the chro-
mosome with the IS element encoding the mobiliz-
ing transposase, the type I MITEs have probably
arisen within the organism as a result of a deletion
prior to spreading.

Until their discovery in S. solfataricus (Redder et al.,
2001), type II MITEs had only been observed in
eukaryal chromosomes and primarily in those of
higher eukaryotes. They differ from type I MITEs 
in that they bear no sequence resemblance to the IS
elements apart from their ITRs, and the origin of
their intervening sequences is unknown. However,
sharing an ITR is considered sufficient for the IS
element-encoded transposase to mobilize a MITE.
Type II MITEs are common in the chromosomes 
of S. solfataricus, S. tokodaii, and S. islandicus and a
summary of their properties is given in Table 8.2.
They fall in the size range 79–335bp and have been
classified into seven families, labeled Sulfolobus MITE,
SM1 to SM7, one of which, SM3, is divided into two
closely related sequence subgroups, SM3A and
SM3B. Two of the families, SM1 and SM2, are shared
between S. solfataricus and S. tokodaii and one family,
SM3A, is shared between S. solfataricus and S. islandi-
cus. The IS element with the corresponding trans-
posase is generally present in the chromosome (Table
8.2). Most MITEs lie in intergenic regions or within
IS elements. They are rich in stop codons and only

three were found in putative protein coding regions
that do not disrupt the reading frame (Redder et al.,
2001). No MITE-like sequences were detected in the
S. acidocaldarius genome, which is consistent with its
paucity of IS elements (Chen et al., 2005b).

Despite searches for type II MITE-like elements in
other archaeal genomes that carry IS elements, no
clear examples have been discovered. However,
recently, 141 repeat elements were found in the
genome of M. jannaschii that resemble Sulfolobus type
II MITEs in size (87–125bp) and are also predomi-
nantly located in intergenic regions and distributed
fairly evenly around the genome (Suyama et al.,
2005). They fall into three main classes showing
about 54–65% sequence identity within each class
and one infers, therefore, that they have spread in
the chromosome. However, although they exhibit
ITRs, no corresponding IS elements are present in the
genome that could, via an encoded transposase, facil-
itate their transposition. They differ from Sulfolobus
MITEs in that they can generate stable hairpin struc-
tures (Suyama et al., 2005).

Mobility and regulation

Several experimental studies have demonstrated the
mobility of IS elements in Sulfolobus strains and that
most spontaneous mutations in S. solfataricus involve
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Table 8.2 Properties of Sulfolobus MITEs.

Length Copy IR DR Partner IS
Organism MITE Type (bp) number (bp) (bp) element Reference

S. solfataricus SM1 II 79 40 23 2 ISC1048 Redder et al., 2001
SM2 II 184 25 16 6 ISC1217 Redder et al., 2001
SM3A/SM3B II 131 44 24 9 ISC1058 Redder et al., 2001
SM4 II 164 34 27 8 ISC1173 Redder et al., 2001
SM7 II 330 10 13 0 ISC1173 M. E. White & P. Redder 

unpub.

S. tokodaii SM1 II 79 1 23 2 ISC1048* Redder et al., 2001
SM2 II 184 36 16 6 ISC1217 Redder et al., 2001
SM5 II 212 7 15 0 ISC774 Brügger et al., 2004
SM6 II 127 8 12 0–10 ISC794 Brügger et al., 2004
SMA I 355 9 4 0 ISC1790 Kawarabayashi et al., 2001

S. islandicus SM3A II 131 8 24 9 ISC1058 Boult & Grogan, 2005; K.
Brügger, unpublished

*The corresponding IS element is absent from the host.
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the transposition of IS elements into genes or into
their regulatory regions. Mutational studies have
demonstrated that several different IS elements could
insert into the contiguous pyrE/pyrF genes in the
closely related S. solfataricus P1 and P2 strains, and in
an S. islandicus strain (Martusewitsch et al., 2000;
Boult & Grogan, 2005; Redder & Garrett, 2006).

The evidence for MITE mobility is more limited.
When first discovered in Sulfolobus chromosomes,
they were considered to be mobile because: (i) they
occur in multiple copies with closely similar
sequences; (ii) three of the families SM1, SM2, and
SM3A occur in multiple copies in more than one Sul-
folobus species; and (iii) they are often found inserted
into IS elements (Redder et al., 2001). However,
until recently, experimental evidence for their mobil-
ity was lacking, possibly because their small size pre-
cluded their being detected in the type of gel
electrophresis assay used for following IS element
transposition. Recently, using a more sensitive assay,
direct evidence was obtained for the transposition
into pyrE/pyrF genes of an SM3A in an S. islandicus
strain, and of an SM2 in S. solfataricus P2 (Boult &
Grogan, 2005; Redder & Garrett, 2006). In both
studies, it was concluded that the frequency of MITE
transposition was much lower than for IS elements.

One of the major puzzles relating to the high inci-
dence of mobile elements in some Sulfolobus chromo-
somes is that their prevalence is not more destructive
for the cell. Both S. solfataricus and its close relative S.
islandicus occur widely in natural environments, in
sharp contrast to S. acidocaldarius, suggesting that the
enhanced capacity for rearrangement and change is a
distinct advantage despite the obvious danger of inac-
tivating important genes. Another apparent disad-
vantage is that S. solfataricus must have great difficulty
in removing these elements, as evidenced by the high
incidence of IS element fragments within its chromo-
some (Brügger et al., 2002). Indeed, it has been 
suggested, on the basis of transposition-reversion
experiments, that Sulfolobus species may lack a mech-
anism for the precise excision of IS elements (Boult &
Grogan, 2005).

One mitigating factor is that mobile elements can
inhibit one another and there are many examples 
of MITEs, and even IS elements, inserting into the
transposase genes of IS elements (Brügger et al.,
2002). Another more potent regulatory mechanism
may be the production of antisense RNAs that target
the transposase mRNAs. Several different putative

antisense RNAs have been isolated from S. solfatari-
cus cells that are specific for different IS elements
(Tang et al., 2005). Any one of these can, in princi-
ple, block the translation of mRNAs from a whole
family of transposases.

Exchange of chromosomal DNA and
self-transmissible plasmids

S. acidocaldarius cells are able to undergo exchange of
chromosomal DNA. This was first shown for an
archaeal 23S rRNA intron from Desulfurococcus mobilis
that encodes a homing enzyme. It recombined into
the single 23S rRNA gene of S. acidocaldarius after
transformation on a non-replicating phage construct.
Furthermore, on culturing the genetically modified
cells, and using antibiotic-resistant mutants of S. 
acidocaldarius, it was demonstrated that intercellular
transfer occurred, throughout the cell culture, with
the intron always recombining at the same site in the
23S rRNA gene (Aagaard et al., 1995). This process
did not occur in either S. solfataricus or S. shibatae. It
was also demonstrated that a series of marker genes
were able to exchange, in both directions, between
chromosomes of different cells and again this phe-
nomenon was only observed in S. acidocaldarius
(Grogan, 1996; see Chapter 12 in this volume). Sub-
sequent sequencing and analysis of the chromosomal
sequence of S. acidocaldarius revealed a group of con-
tiguous genes that are homologous, and co-linear,
with those found in several conjugative plasmids iso-
lated from different Sulfolobus species. It was specu-
lated that these could provide a possible explanation
for the intercellular DNA transfer (Garrett et al.,
2004; Chen et al., 2005b).

Archaeal self-transmissible plasmids have, to date,
only been found in diverse strains of the Sulfolobus
genus where they occur in about 3% of isolated
strains (Prangishvili et al., 1998b). Seven have been
sequenced and their genes annotated, pNOB8 from
Japan and pING1, pKEF9, pHVE14, pARN3, pARN4,
and pSOG from different locations in Iceland.
Although very few genes yield significant sequence
matches with public sequence databases, all the
plasmids share a few conserved regions which
encode: (i) the putative major components of the
conjugation apparatus; (ii) a putative replication
origin; and (iii) an operon of six to nine smaller genes
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implicated in plasmid replication and its regulation.
All the plasmids encode an integrase homolog sug-
gesting they are integrative (Greve et al., 2004) and
this has been demonstrated experimentally for
pNOB8 (She et al., 2004).

The genome of S. acidocaldarius carries most of the
conserved region implicated in the conjugative appa-
ratus, and an alignment of the corresponding regions
of the S. acidocaldarius chromosome and the con-
jugative plasmid pARN4 is illustrated in Fig. 8.1,
where homologous genes are shaded similarly. One
ORF shows significant sequence similarity to sections
of the bacterial TrbE protein around the ATP-binding
Walker A and B and other motifs (She et al., 1998;
Stedman et al., 2000) and it may be co-functional in
providing energy to facilitate DNA transfer across the
cellular membrane, possibly in a double-stranded
form. Moreover, ORF600, which carries the 10–12
transmembrane helical motifs, may participate in
membrane pore formation (Schleper et al., 1995;
Greve et al., 2004).

Introns and inteins

Archaea do not generally carry group I and group II
introns, which are common to Bacteria and Eukarya,
or the spliceosomal introns found in Eukarya (Lykke-
Andersen et al., 1997a). Exceptions are the group II
introns found in the large genomes of Methanosarcina

acetovorans and Methanosarcina mazei, which may
have been incorporated by lateral gene transfer from
bacteria, together with large numbers of other 
bacterial genes (Rest & Mindell, 2003). However,
archaea do carry a class of introns that are ubiqui-
tous in, and exclusive to, archaea (Lykke-Andersen
et al., 1997a).

Archaeal introns occur at several different sites in
rRNA and tRNA genes, as well as in protein genes.
Their excision from transcripts is a prerequisite for
producing either a functional RNA (tRNA or mRNA),
or a functional site within an RNA (rRNA). The
introns are excised by an RNA cleavage enzyme that
exists in different forms, generally a homodimer or
homotetramer in Euryarchaea, and a heterotetramer
in Sulfolobus and other Crenarchaea, and it consti-
tutes a simpler form of the more structurally specific
eukaryal tRNA splicing enzyme (Kleman-Leyer et al.,
1997; Lykke-Andersen et al., 1997b; Tocchini-
Valentini et al., 2005).

The archaeal cleavage enzyme appears to have a
combined intron splicing and RNA processing func-
tion (Kjems et al., 1989; Tang et al., 2002b). It cuts
at a “bulge–helix–bulge” structural motif (BHB) sym-
metrically within two 3-nucleotide bulges. The BHB
motif forms at the exon–intron junction, or process-
ing site, and is generally bordered by additional base
pairs. Subsequently, the ends of the exons, or
processed RNAs, are ligated, by an unknown mech-
anism, and the larger introns, at least, are circular-
ized, generating a highly ordered structure that is
stably maintained within the cell (Kjems & Garrett,
1988; Dalgaard & Garrett, 1992; Lykke-Andersen &
Garrett, 1994) and they encode a homing enzyme
that can effect site-specific insertion of the DNA
intron into a homologous intron-minus site (Aagaard
et al., 1995).

In contrast to many rRNA introns, tRNA introns
are quite small, lying in the size range 12–104bp, and
there is no direct evidence for their being mobile
(Marck & Grosjean, 2003). Thus, no tRNA intron has
yet been detected in Archaea that encodes a homing
enzyme, considered a prerequisite for insertion at the
DNA level. Further doubts about their mobility were
raised by a study that demonstrated that some tRNA
genes are partitioned in the chromosome of Nanoar-
chaeum equitans and that the two transcripts are
linked via G+C-rich extensions that can base-pair
and generate a BHB motif. It was implied that this
might be an ancient mechanism for tRNA expression
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Fig. 8.1 A comparison of the gene content and order
of a region of the S. acidocaldarius chromosome
(corresponding to integrative element pSAC3; see
Chapter 10) that carries a closely similar set of genes
to a region of the Sulfolobus conjugative plasmid
pARN4. Homologs are shaded similarly. These genes
are considered to encode the proteins that are
necessary for forming the conjugative apparatus.
ORF509/487 is rich in transmembrane helical motifs
and is a candidate for transmembrane pore formation.
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and, by extension, that tRNA introns are relics that
have not been deleted from whole tRNA genes
(Randau et al., 2005a). However, an analysis of the
tRNA genes in the Sulfolobus chromosomes, with and
without introns, indicates a very low level of con-
servation of the intron-containing tRNAs. The circle
plot in Fig. 8.2 reveals that of the 57 intron-
containing genes in three Sulfolobus chromosomes,
most are species-specific, seven are shared between
pairs of species, and only four are conserved in all
three. This is strongly suggestive that intron insertion
into tRNA genes does occur, albeit by an unknown
mechanism.

The single known archaeal intron within a protein
coding region was detected in a homologous gene of

the Cbf5p protein (centromer binding factor 5 in
Eukarya) for the crenarchaea S. solfataricus, S. toko-
daii, and A. pernix (Watanabe et al., 2002). Each gene
exhibited a frame-shift that was removed when the
intron was excised from the mRNA, as illustrated in
Fig. 8.3(b). This observation raised the question as 
to whether mRNA introns are more prevalent in
Archaea. To address this, all genes of S. solfataricus, S.
tokodaii, and S. acidocaldarius were grouped into 
families based on homology. Then insertions within
conserved sequence regions were tested for their
capacity to form BHB motifs. For 1856 gene families,
about 70 potential insertion sites were found, nine
of which could generate stable BHB motifs, suggest-
ing that some inserts could constitute active introns
(K. Brügger, unpublished results). Some inserts lie
within single gene copies, while others are located in
single copies of paralogous genes. An example of the
latter is found in the gene of a Rad3-related DNA
helicase and the putative BHB motif and protein
sequence alignment for the two paralogs of S. toko-
daii are illustrated in Fig. 8.3(a, b). These indicate
that many insertions have occurred within con-
served regions of Sulfolobus genes and suggest that
intron insertion could be one of the mechanisms.

To date, no inteins have been detected in Sul-
folobus gene products even though they occur,
together with their corresponding homing enzyme,
in some euryarchaeal polymerases (Belfort et al.,
1995).

SRSR clusters

Another possible mechanism for change involves the
clusters of short regularly spaced direct repeats
(SRSRs, also known as CRISPR). These occur in all
except one of the sequenced archaeal chromosomes,
in some bacterial chromosomes, and in some Sul-
folobus conjugative plasmids. The repeat sequences
and sizes of the Sulfolobus clusters are summarized in
Table 8.3. Repeat sequences (24–26bp) are highly
conserved, but not always invariant, within a cluster,
and differ between clusters, and they generally
exhibit a weak dyad sequence symmetry (Table 8.3).
In contrast, the spacers (39–42bp) show no sequence 
similarity. Archaeal chromosomes carry multiple
clusters, and they can be large, with over 100 repeat
units. For example, the 455 repeat units in S. tokodaii
are distributed between six clusters that constitute
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Fig. 8.2 Overlapping circles showing the distributions
of similar introns among intron-containing tRNA
genes within the three Sulfolobus chromosomes. The
main number indicates the number of intron-
containing tRNA genes, with similar introns, which
are (a) exclusive to one species, (b) shared with one
or other of the other two species, or (c) shared
between all three species. The bracketed number
indicates the total number of tRNA genes with or
without introns which are specific for, or shared
between, the species. Total numbers for each species
are given below the species name.
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over 1% of the chromosome. A conserved Sulfolobus
protein has been characterized that specifically binds
to, and distorts, a repeat sequence of the S. solfatari-
cus chromosome and that of pNOB8 (Peng et al.,
2003). It was thought to have a structural role in

folding the SRSR clusters but a role in regulating
transcription from the clusters is also a possiblity (see
below).

Two hypotheses have been proposed for the func-
tion of the clusters. One is based on an experiment
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(a) (b)

Fig. 8.3 mRNA exon-intron splicing junctions. (a) BHB motif that forms within the transcript of Cbf5p, and 
an example of a BHB motif that might form in a transcript of a Rad3-like gene. (b) Aligned amino acid
sequences across the exon-intron junctions showing the conservation of the exon regions in homologous
proteins that lack the intron/insert. Splicing has only been demonstrated experimentally for the Cbf5p transcript
(Watanabe et al. 2002). ORF sequences derive from: SSO, S. solfataricus; ST, S. tokodaii; SAC, S. acidocaldarius;
and MJ, M. jannaschii.

Table 8.3 Properties of the SRSR clusters.

Organism/plasmid Repeat sequence Repeats/cluster

S. acidocaldarius GTTTTAGTTTCTTGTCGTTATTAC 133, 78
CTTTCAATCCCTTWTGGGATTCWTC 11, 4

S. solfataricus CTTTCAATTCCTTTTRGGATTAATC 103, 48, 46
CTTTCAATTCTATARKAGATTATC 95, 91, 32, 7

S. tokodaii CTTTCAATTCCTTTTKGGATTCATC 73, 64, 47
CTTTCAATTCCATTAWGGATTAKC 120, 104, 47

S. islandicus CTTTCAATTCTATAGTAGATTAGC >180*
pNOB8 CTTTCAAATTCTATAGTAGATTATC 6
pKEF9 CCCGCACATTTAGGGAATTGCAAC 6

For the repeat sequences, the low level dyad symmetry is shown in bold type when present. K denotes G or T; R
denotes A or G; W denotes A or T. The total number of repeats per cluster is also given. *The value given for S.
islandicus is based on an incomplete genome sequence.
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in which a repeat cluster was inserted into a bacter-
ial–archaeal shuttle vector and transformed into
Haloferax volcanii. The vector recombined into the
host chromosome and produced a decrease in both
cellular growth rate and the fraction of viable cells,
as well as a difference in the distribution of DNA in
daughter cells (Mojica et al., 1995), and it was
inferred that the repeat clusters influenced chromo-
somal segregation. A segregation role is also consis-
tent with the repeat clusters being replicated last in
S. acidocaldarius and in the euryarchaeon Pyrococcus
(Zivanovic et al., 2002; Lundgren et al., 2004). There
is also circumstantial support for the clusters in
pNOB8 facilitating plasmid partitioning (She et al.,
1998; Greve et al., 2004).

Another hypothesis has arisen, which addresses
the differences in the number and sizes of the clus-
ters, and does not necessarily preclude the former
hypothesis. It is based primarily on the observation
that some spacer sequences are similar to those
found in plasmids and viruses. Thus, spacers in S. 
solfataricus were shown to closely match gene
sequences in the conjugative plasmid pNOB8 and the
rudivirus SIRV1, while spacers in S. tokodaii gave
good matches with genes from conjugative plasmids,
SIRV1, and the fusellovirus SSV1. The hypothesis
proposes that DNA has recombined from the extra-
chromosomal elements and entered the SRSR cluster
as a spacer, thereafter to provide a defense against
further invasion of related elements (Mojica et al.,
2005). The hypothesis is fueled by two lines of evi-
dence: (i) the observation that a group of genes is
often located near to the clusters that were classified
as novel repair-recombination enzymes and could 
be involved in changing the size of the clusters
(Makarova et al., 2002, 2006; Jansen et al., 2002);
(ii) the clusters produce untranslated RNA transcripts
that could act as small antisense RNAs, thereby
inhibiting translation of important plasmid- or virus-
encoded proteins (Tang et al., 2002b, 2005).

In principle, the SRSR clusters can be multifunc-
tional but many questions remain to be answered.
For example, why are there such large variations in
the numbers of repeat units per species? What is the
function of the spacer regions found in the Sulfolobus
conjugative plasmids. Why is S. islandicus HVE10/4 
a good host for SIRV1 despite carrying spacer
sequences in its SRSR clusters that match some of
the viral genes?

Plasmid variants

Sulfolobus species are hosts for many self-
transmissable and cryptic plasmids and some of these
can undergo genomic variation. Among the seven
characterized conjugative plasmids, pNOB8 and
pING1 were found to rearrange in Sulfolobus hosts.
The former underwent a major deletion (yielding
pNOB8-33), resulting from recombination at a large
direct repeat, after transferral from its natural host to
a different Sulfolobus strain (She et al., 1998). The
pING plasmid yielded a complex mixture of different
variants when plasmid DNA from S. islandicus
HEN2P2 was propagated in S. solfataricus P1
(Prangishvili et al., 1998a; Stedman et al., 2000).
Some of these were shown to arise from the uptake
of IS elements from the host chromosome, but one
of the smaller products, pING2, was produced by
recombination at two sites carrying the 16bp
“hairpin” motif, TAAACTGGGGAGTTTA. This motif
is present, in 10–16 copies, in each of the sequenced
conjugative plasmids (Greve et al., 2004). Interest-
ingly, similar “hairpin” motifs also occur in the large
family of cryptic pRN plasmids where they border a
variable region (Peng et al., 2000) and it is likely,
therefore, that these motifs provide general sites for
DNA recombination and rearrangement in Sulfolobus
plasmids. They are also retained in conjugative and
pRN-type plasmids encaptured in Sulfolobus chromo-
somes, where they could also contribute to chromo-
somal rearrangements (Peng et al., 2000; Greve 
et al., 2004).

Viral genome variation for Sulfolobus
and other Crenarchaea

Many archaeal viral genomes have now been
sequenced and analyzed. While some appear to be
quite stable, undergoing few, if any, changes, even
when propagated in a foreign host, others show 
differing degrees of genomic variability. Two that
undergo major changes of a complex, and quite dif-
ferent, nature are the Sulfolobus rudivirus SIRV1 and
the lipothrixvirus TTV1 from the crenarchaeon Ther-
moproteus tenax, and they are considered separately
below.
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SIRV1

The genome of the rudivirus SIRV1 was estimated 
to undergo changes at a much higher rate than pre-
viously estimated for a DNA genome (∼10−3 sub-
stitutions per nucleotide per replication cycle)
(Prangishvili et al., 1999). A detailed analysis
revealed that the isolated virus invariably contained
a population of variants with altered genomes. Upon
propagation in a given host strain, one or more of
the variant genomes was shown to dominate in the
viral population, while passage into a new host strain
yielded alternative dominant variants (Peng et al.,
2004).

Sequence analysis of the variant genomes re-
vealed that they exhibit longer conserved regions
interspersed with shorter, highly variable regions
that have undergone changes including deletions,
duplications, and transposition. The approximate
positions of these variable regions, labeled A to F, are
superimposed on the larger SIRV2 genome, which
shares genomic characteristics with all the SIRV1
variants (Plate 8.3a). One change of exceptional
character was the common appearance of 12bp
sequence differences mainly within the variable
regions (Plate 8.3a). Some of these were detected
during the sequencing step when overlapping clones
revealed 12bp sequence differences at certain posi-
tions, as illustrated in Table 8.4 for SIRV1 and the
closely related rudivirus SARV1. Several others were

revealed by comparing conserved sequence regions
of genes common to the SIRV1 variants or the closely
related SIRV2. Almost every sequence difference
detected was of 12bp or multiples thereof (Peng et
al., 2004). Many of these sequence differences occur
within ORFs and they do not interrupt the reading
frame. The ratio of clones with extra sequences to
those lacking the sequence (Table 8.1) suggests that
at least some differences are caused by insertions
rather than deletions, and these will have the effect
of extending the ORFs, and possibly altering the
functions of the gene products (Peng et al., 2004).

Although the 12bp insertions/deletions are
common in the SIRV1 genome, they also appear to
be a general property of rudiviruses SIRV2 and
SARV1 (Peng et al., 2004; Garrett & Vestergaard,
unpublished). However, the mechanism by which
they are generated remains unclear. Originally, it was
proposed that they constitute mobile introns, sup-
ported by the observation that some of their tran-
scripts can generate stable BHB motifs (Peng et al.,
2004). However, to date, no experimental evidence
has been accrued for transcript splicing. Another pos-
sibility is that the changes occur during viral genome
replication. Although exceptional, one of the 12bp
elements, underlined in Table 8.4, could be a dupli-
cation of the adjacent sequence, and one 24bp insert
in SIRV1 constitutes a perfect 12bp duplication. Pos-
sibly, there is a dynamic interplay between the single
16kDa DNA-binding protein of the SIRV virus and
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Table 8.4 12bp elements detected in overlapping rudiviral clones.

Genome Sequence Clone numbers

SIRV1 pop. I/variant GTTAAAAATCTGTTTGTTTAGCAGTTCAATTTGTTTCAGCA 10
VIII GTTAAGAATTCGTTTG::::::::::::ATTTGTTTCAGCC 29
SIRV1 pop. I CTAGATTCTTAGAATGAACATTCATTAAATATAAATTTGTC 7

CTAGATTTTTAGAATG::::::::::::ATATAAATTTGTC 3
SIRV1 pop. I CCATCATTAAATTATAATACAAATTTCAAATTACCATCCA 1

TCTTCTATTAATTATA::::::::::::AATTACCGCCTG 4
SARV1 AGAAAATTAAATTATGAATTAAATTATGATAAGTTAAGATA 5

AGAAAATTAAATTATG::::::::::::GTAAGTTAAGATA 1
SARV1 ACAACTAGAAATTTTGAATTATGTTAAGAAAAACCAGCCAA 8

ACAACTAGAAATTAAG::::::::::::AAAAACCAGCCAA 8

The 12bp sequence (bold) and flanking sequences are shown. The underlined sequence represents a perfect direct
repeat. The clone library for SIRV1 population I (pop. I) contains a mixture of variant genomes. The SIRV1 virus data
derive from Peng et al. (2004) and those of SARV1 are from Garrett and Vestergaard (unpublished).
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the DNA polymerase during replication (Prangishvili
et al., 1999). Clearly, resolving the mechanism
requires further experimentation.

TTV1

Variants of the lipothrixvirus TTV1 were isolated
from colonies of Thermoproteus tenax and showed
marked differences in genomic size (Neumann &
Zillig, 1990). Genome sequencing revealed that TTV1
exhibits two sections, I and II, of low complexity
sequence, which extend over 250bp and 438bp,
respectively (Plate 8.3b). Section I consists predomi-
nantly of the repeated hexamer CCNACN (where N
is any nucleotide) and it forms part of an open
reading frame, ORFTPX. TPX is expressed in large
amounts within the Thermoproteus tenax cell and it
may have an important role in combating the cell’s
defenses. Section II consists of 73 consecutive copies
of CCNACN and shows no apparent protein coding
capacity.

The viral variants showed evidence of a total of 6
insertion/deletions (30–102bp) located within these
sections (Neumann & Zillig, 1990). Sequence com-
parison of ORFTPX (section I) in the original TTV1
isolate (WT) and in variant VT3 revealed five inser-
tion/deletions (66 to 84bp), all of which maintain
the reading frame, and show 100% sequence iden-
tity to blocks in section II, which are matched by
number and color in Plate 8.3(b). This is significant
because the sequence identity between differently
numbered/colored blocks in sections I and/or II is
only 75–81% (Plate 8.3b). Moreover, section II is

100% identical between WT and variant VT3, except
that block 8, (CCNACN)17, is absent from VT3 (Plate
8.3b).

These observations, together with (i) the finding
that blocks inserted into ORFTPX are identical in
sequence to blocks in section II, and (ii) the mainte-
nance of a potential pattern of silent codon mutation
at positions 3 and 6 of CCNACN in section II, strongly
suggest that this region serves as a source of varia-
tion for ORFTPX.

Conclusion

A picture has emerged of an extraordinary level of
genomic change and gene flux in the Sulfolobus
genus. This occurs by a variety of different mecha-
nisms, including extensive rearrangements fueled by
mobile elements, exchange of genes between chrom-
somes, plasmids and viruses, the bidirectional and
intercellular transfer of chromosomal genes in 
S. acidocaldarius, and many different integrative
processes. The complex genomic rearrangements
observed in the pING conjugative plasmid, and in the
rudivirus SIRV1, may reflect attempts to adapt to
foreign hosts, while the changes seen in TTV1 may
represent a direct mechanism for weakening host
defenses. All these examples illustrate that the
genome sequences have provided a platform for
studying, in detail, the complex molecular processes
involved in genomic rearrangements in Archaea, and
their functions, for the first time, and we can expect
much progress in understanding the processes under-
lying genome evolution over the next few years.
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Introduction

The research on archaeal plasmids is still in its infancy and our knowledge of archaeal plasmids is rudimen-
tary. However, during the past few years significant progress has been made (reviewed by Garrett et al., 2005).
Our lack of knowledge is highlighted by the fact that for many archaeal plasmids we do not even know how
the plasmid is replicated. For only two plasmids (pGT5 from Pyrococcus abyssi and pRN1 from Sulfolobus islandi-
cus) have the replication enzymes been characterized biochemically. This review is focused on archaeal plas-
mids whose genome sequence has been determined. In many cases the plasmidal nucleotide sequence is most
if not all of the information we have on a particular plasmid. Clearly archaeal plasmids have not yet entered
the “post-genomic” era.

Extrachromosomal elements are instrumental for the development of genetic tools, and early studies aimed
to identify plasmids and viruses in order to study various aspects of archaeal genetics and to evaluate their
potential to make the newly discovered organisms of the third domain of life genetically tractable. Extra-
chromosomal elements of the Archaea are not uncommon. Zillig and co-workers screened Sulfolobales in
Iceland and discovered four plasmids as well as several viruses in 120 strains (Zillig et al., 1994). Some of the
genetic elements discovered at that time are now among the best studied genetic elements, e.g. the plasmid
pRN1 and the virus SIRV1 (see also Chapter 6 in this volume). In a further study 11 conjugative plasmids
were isolated from about 300 S. islandicus strains (Prangishvili et al., 1998a). Plasmids are also abundant in
the Euryarcheota: 40% of 190 screened Thermococcales strains contained plasmids and about 25 different
types of plasmids were identified based on restriction analysis (Prieur et al., 2004). Despite their natural abun-
dance the current genome database at the NCBI lists only 38 archaeal plasmids, in contrast to 640 bacterial
plasmids.

Several halophilic archaea (Halobacterium sp., Haloferax volcanii, and Haloarcula marismortui) have a complex
genome structure with a number of circular double-stranded replicons (Table 9.1). The largest replicon 
is usually considered as the main chromosome. The medium-sized replicons can be regarded as either
minichromosomes or megaplasmids. If a replicon replicates like the main chromosome and contains essen-
tial genes then it should be considered as a minichromosome regardless of its size. However, without exper-
imental data a decision is provisional. For example, the mere presence of a plasmid-type replication protein
on the replicon is no proof that the replicon is replicated like a plasmid. The fact that a number of archaeal
plasmids also exist integrated into the host chromosomes (She et al., 2001a) further complicates the assign-
ment as minichromosomes or megaplasmids. Further criteria for deciding whether the replicon is a minichro-
mosome or a megaplasmid are the copy number and the evolutionary history of the replicon (Ng 
et al., 1998).

9
Plasmids

Georg Lipps
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Archaeal plasmids with rolling 
circle replication

Rolling circle replication is initiated by an initiator
protein, which cuts the plasmid specifically at the
double-stranded replication origin (dso) liberating a 3′
OH end that is then used as primer by the host repli-
cation machinery. The replication of the opposite
strand is initiated by a different mechanism at the
single-stranded origin (sso). Here an RNA primer is
synthesized by the host RNA polymerase and then
extended by the host DNA polymerase (reviewed in
Espinosa et al., 1995; Khan, 1997). The rolling circle
plasmid can have a very compact genome, since the
only plasmidal protein required for plasmid replica-
tion is the initiator protein. The smallest known

archaeal plasmid is the plasmid pHSB2 from Halobac-
terium salinarum (1736bp). This plasmid is similar in
size and sequence to the plasmids pHGN1 and 
pGRB1 (Ebert et al., 1984). These plasmids are 
probably replicated as rolling circles, since single-
stranded replication intermediates have been de-
tected (Akhmanova et al., 1993) and since their
putative replication proteins have three motifs typical
for rolling circle initiator proteins (Ilyina & Koonin,
1992). Among the archaeal plasmids at least three
types of initiator proteins can be identified (Fig. 9.1).
The first and largest group contains the initiator pro-
teins from plasmids isolated from halophiles. These
proteins are similar and have two catalytic tyrosine
residues in motif III. In contrast the initiator proteins
from the Pyrococcus plasmids pGT5 and pRT1 belong
to another protein superfamily and have only one
tyrosine residue in motif III. The latter two proteins
are only distantly related. In fact the motif I could not
be detected within the amino acid sequence of the
replication protein from pRT1 (Fig. 9.1).

Amid these initiator proteins only the replication
protein from plasmid pGT5 has been studied in vitro.
The 75kDa protein (Rep75) has been expressed 
heterologously in E. coli, refolded and purified. The
recombinant protein has endonuclease activity on
single-stranded oligonucleotides containing the pre-
dicted double-stranded origin sequence. The protein
nicks the single-stranded substrate between two spe-
cific bases and remains covalently bound to the
cleaved DNA via the liberated 5′ end, whereas the
host DNA polymerase can extend the new 3′ end.
The covalently attached DNA can then be ligated
back to another strand, the so-called closing activity
(Marsin & Forterre, 1998). This activity is required
for the termination of a replication round. The active
site tyrosine residue of this protein was identified by
a point mutational study (Marsin & Forterre, 1999).
The protein also exhibits an unexpected nucleotidyl
transferase activity, which could have a regulatory
function by inactivating the initiator protein (Marsin
& Forterre, 1999).

For pGT5 (Lucas et al., 2002), as well as for several
of the halophilic plasmids, shuttle vectors, which
replicate in the original host as well as in E. coli, have
been constructed. In particular, the halophilic shuttle
vectors (reviewed in Luo & Wasserfallen, 2001;
Allers & Mevarech, 2005) have been extensively
used as genetic tools for the study of Archaea (see
also Chapter 11 in this volume).
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Table 9.1 Haloarchaeal genomes with several 
replicons.

Haloarcula marismortui Baliga et al., 2004
chromosome I 3.1Mbp
chromosome II 290kbp
pNG100/200/300/400/ 33–410kbp

500/600/700
Halobacterium sp. NRC-1 Ng et al., 2000

chromosome 2Mbp
pNRC100 191kbp
pNRC200 365kbp

Halobacterium sp. R1 unpublished
chromosome 2Mbp
pHS1 148kbp
pHS2 195kbp
pHS3 284kbp
pHS4 41kbp

Halobacterium sp. GRB Ebert et al., 1984; St 
Jean et al., 1994

chromosome 2Mbp
pGRB305 305kbp
pGRB90 90kbp
pGRB37 37kbp
pGRB1 1.8kbp

Haloferax volcanii DS2 genome sequencing in
progress

chromosome ∼2.8Mbp
pHV4 690kbp
pHV3 442kbp
pHV1 86kbp
pHV2 6kbp
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Fig. 9.1 Alignment of the initiator proteins of rolling circle replication. The sequences of the initiator proteins
from halophilic plasmids were aligned and the consensus calculated. The replication proteins from the Pyrococcus
plasmids pGT5 and pRT1, which belong to another superfamily of initiator proteins (Ilyina & Koonin, 1992),
were aligned separately and then added manually to the first alignment. The motifs I to III of the initiator
proteins are in bold letters and putative catalytic histidine and tyrosine residues are marked. The motif I of the
initiator protein from plasmid pRT1 could not be identified.
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Archaeal plasmids of the pRN type

A number of rather small plasmids of the Crenar-
chaeota seem to belong to a single but diverse
plasmid family (Table 9.3). The first crenarchaeal
plasmid sequenced was the plasmid pRN1 (Keeling
et al., 1996), which was isolated in 1994 by Zillig and
co-workers from a Sulfolobus strain from Iceland
(Zillig et al., 1994). This plasmid has six open reading
frames, but only three of them are conserved within
the plasmid family pRN (Peng et al., 2000). The plas-
mids pRN2, pHEN7 from S. islandicus, and pDL10
from Acidianus ambivalens also belong to this family.
In addition, the plasmid–virus hybrid pSSVx is a
fusion between a pRN type plasmid and a virus. This
replicon also shares two open reading frames with
the Sulfolobus Fuselloviridae (SSV1, SSV2, SSV3, SSV-
RH). It could be demonstrated that SSV1 and SSV2

act as a helper virus for pSSVx, and that in the pres-
ence of these viruses pSSVx can spread through the
culture (Arnold et al., 1999).

The three conserved open reading frames of the
plasmid pRN1 have been studied by our group. The
smallest conserved protein, the protein ORF56, has
weak sequence similarity to several eubacterial copy
control proteins. In fact the recombinant protein is
able to bind double-stranded DNA in a sequence-
specific manner. The protein is dimeric and binds as a
tetramer to its cognate DNA, which has been shown
to be an inverted repeat that is found upstream of its
own gene (Lipps et al., 2001b). We propose that
binding of ORF56 to its promoter could down-
regulate the transcription of orf56 as well as the
downstream gene orf904. For that reason ORF56
could be implicated in the copy-control of the plasmid
pRN1. The solution structure of ORF56 has recently
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Table 9.2 Archaeal plasmids with rolling-circle replication.

Plasmid Size Original host Remarks Reference

pHGN1 1765bp Halobacterium strain GN101 Hall & Hackett, 1989
pHSB2 1736bp Halobacterium strain SB3 Akhmanova et al., 1993
pGRB1 1781bp Halobacterium strain GRB Shuttle* Hackett et al., 1990
pHK2 10,500bp Haloferax volcanii Shuttle, only replication Holmes et al., 1994

region sequenced
pML 2158bp Methanohalophilus mahii
pZMX201 1668bp Natrinema sp. CX2021
pNB101 2538bp Natronobacterium sp. AS-7091 Shuttle
pGT5 3444bp Pyrococcus abyssi GE5 Shuttle Erauso et al., 1996
pTN1 3367bp Thermococcus sp.
pRT1 3373bp Pyrococcus sp. JT1 Ward et al., 2002

*Shuttle: an E. coli shuttle vector has been constructed based on the backbone of the plasmid.

Table 9.3 Crenarchaeal plasmids of the pRN type.

Plasmid Size Original host Remarks Reference

pRN1 5350bp Sulfolobus islandicus Keeling et al., 1996
pRN2 6959bp Sulfolobus islandicus Keeling et al., 1998
pHEN7 7830bp Sulfolobus islandicus Peng et al., 2000
pSSVx 5705bp Sulfolobus islandicus virus-plasmid hybrid Arnold et al., 1999
pDL10 7598bp Acidianus ambivalens Kletzin et al., 1999
pTIK4 13,638bp Sulfolobus neozealandicus no prim/pol-domain Greve et al., 2005
pTAU4 7192bp Sulfolobus neozealandicus MCM Greve et al., 2005
pORA1 9689bp Sulfolobus neozealandicus snRNP, no plr/ORF80 homologue Greve et al., 2005
pIT3 4967bp Sulfolobus solfataricus Prato et al., 2006

strain IT3
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been determined (G. Lipps, unpublished observa-
tion). The protein is a strand–helix–turn–helix DNA-
binding protein, which binds DNA over the
N-terminal β-sheet formed by the two subunits of the
protein. This same fold is adopted by the Arc-repres-
sor and the CopG protein from the plasmid pLS1.

Downstream of all putative copG genes a large
open reading frame is identified in all these crenar-
chaeal plasmids. For pRN1 it could be shown that
this protein consists at least of two domains (Fig.
9.2). In the N-terminal part of the protein a novel
domain has been detected that has primase and DNA
polymerase activity (Lipps et al., 2003). The structure
of this domain, termed the prim/pol domain, has
been solved (Lipps et al., 2004), and together with
appropriate point mutants the active site of this
domain could be identified. The catalytic core of this
domain has the same fold as the archaeal/eukaryal

primases, raising the possibility that these proteins
might have evolved from a common ancestor
capable of replicating small genomes (see also
Chapter 2 in this volume).

In the C-terminal half of the protein a helicase
domain of superfamily 3 (Gorbalenya et al., 1990)
can easily be identified (Lipps et al., 2003). The bio-
informatic predictions are in line with the findings
that the protein ORF904 from pRN1 has ATPase
activity and helicase activity. The ATPase activity is
specifically stimulated by double-stranded DNA and
the polarity of the helicase activity has been deter-
mined to be 3′–5′ (G. Lipps, unpublished observa-
tion). The exact role of the replication protein
ORF904 during plasmidal replication is not known
yet. In principle, the primase, DNA polymerase, and
helicase activity of ORF904 would allow ORF904 to
carry out three main activities required at a moving
replication fork. However, the DNA polymerase
activity is quite low and there is no proofreading
activity associated with this multifunctional enzyme.
It is therefore more plausible that the replication
protein is involved in initiating the plasmidal replica-
tion by melting the origin of replication and by syn-
thesizing a primer. It is currently not known whether
the replication protein ORF904 remains at the repli-
cation fork and serves there as a replicative helicase
or as a primase. Nevertheless, its conservation as a
multidomain protein within the crenarchaeal plas-
mids is intriguing and is paralleled by well known
primase–helicase protein fusions, such as the bacte-
riophage P4 α protein and the bacteriophage T7 gp4.

The crenarchaeal plasmids isolated from Sulfolobus
strains and Acidianus strains from Iceland, i.e. plas-
mids pRN1, pRN2, pHEN7, and pDL10, and the virus
plasmid-hybrid pSSVx, have very similar replication
proteins (Fig. 9.2). In contrast, the replication pro-
teins from the plasmids isolated from Italy and New
Zealand are quite different. In some cases (e.g. pIT3
from Sulfolobus solfataricus) there is a clear match with
the prim/pol domain but not with the helicase
domain. However, in all proteins a Walker A motif is
detectable in the C-terminal half. In contrast, the
replication protein from the New Zealand plasmid
pTAU4 is very similar to the MCM (minichromosome
maintenance) proteins. These proteins are believed
to be the replicative helicases of the Archaea and the
eukaryotes. The MCM proteins and the helicase
superfamily 3 proteins are structurally and function-
ally closely related (Iyer et al., 2004a). The pTAU4
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Fig. 9.2 Domain structures of the Sulfolobus plasmid
replication proteins of the pRN type. The replication
proteins can be divided into three groups. The
plasmids from S. islandicus strains (pRN1, pRN2,
pSSVx, and pHEN7) make up the first group. These
replication proteins are very similar and have a
prim/pol domain as well as a Pox_D5 (helicase
superfamily 3) domain. The plasmids pIT3 (S.
solfataricus) and pORA1 and pTIK4 (S. neozealandicus)
belong to the second group. These proteins are similar
over about 700 amino acids, including the C-terminal
helicase domain. The N-terminal prim/pol domain is
only weakly conserved and not present in the
replication protein from pTIK4. The replication
protein pTAU4 is the only member of a third, more
distant group. This protein possesses an MCM (mini
chromosome maintenance) domain. Proteins (total
number of amino acids indicated) and domains are
drawn to scale.
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replication protein, however, does not contain a
prim/pol domain. Except for pTAU4 and pTIK4 it
appears that all the plasmids, although they are quite
diverse, tend to have a large replication protein with
a prim/pol domain and a helicase superfamily 3
domain.

Another characteristic of these crenarchaeal plas-
mids is that they have a highly conserved short gene
that has been termed plrA (plasmid regulatory). This
gene is not present on the New Zealand plasmid
pORA1, but is also highly conserved within the
group of conjugative plasmids from Sulfolobus (see
below). The Plr protein from pRN1 (ORF80) has
been studied. This protein is a sequence-specific
DNA-binding protein that binds to two neighboring
binding sites upstream of its own gene (Lipps et al.,
2001a). Most interestingly, the binding sites and the
distance between the binding sites are conserved,
suggesting that a larger protein–DNA complex could
assemble at this specific site of the plasmid. It is pos-
sible that this protein marks the origin of replication.
However, there are no experimental data that
support this proposition. For the time being the
physiological function of this highly conserved pro-
tein remains completely unknown.

Although these small cryptic plasmids were iso-
lated from diverse geographic locations they all
appear to share a common replication machinery,
with the involvement of a plr-homolog and/or a two-
domain protein with a superfamily 3 helicase.

Conjugative plasmids

The crenarchaeote Sulfolobus is a host for a number
of conjugative plasmids (Table 9.4), and some of
them have been studied in more detail (Schleper et

al., 1995; She et al., 1998; Stedman et al., 2000). The
conjugation involves direct cell–cell contacts without
the contribution of pili-like structures (Prangishvili
et al., 1998a). It is not known whether single- or
double-stranded DNA is transported. From compari-
son of the genomes of several conjugative plasmids,
a cluster of six genes that might be responsible for
the conjugational DNA transport has been proposed
(Greve et al., 2004). Two of the encoded proteins
show sequence similarity to enzymes of type IV
transport and contain the conserved domains VirB4
and TraG_VirD4, respectively. It is noteworthy that
the minichromosome pNG600 from H. marismortui
and the megaplasmid pNRC200 from H. salinarum
also contain these two genes. On these two repli-
cons the respective genes overlap and could be
cotranscribed.

The archaeal conjugation apparatus has not been
studied yet and it is completely unclear how the con-
jugational DNA transport is realized, what proteins
are involved, and whether there is an origin of trans-
fer. It seems, however, that the archaeal conjuga-
tion machinery is quite different from its bacterial
counterpart.

The genome of Sulfolobus acidocaldarius contains an
integrated conjugative plasmid (Garrett et al., 2005),
raising the possibility that the conjugational marker
exchange observed for this organism (Grogan, 1996;
Reilly & Grogan, 2001) is carried out by conjugative
proteins supplied by the integrated plasmid.

The replication machinery of these plasmids is
currently unknown. A number of conserved rela-
tively short proteins have been suggested to be
involved in the plasmid replication. Furthermore, an
origin of replication has been proposed. The putative
origin region of about 170bp is highly conserved and
contains numerous repeats (Greve et al., 2004).
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Table 9.4 Conjugative plasmids.

Plasmid Size Original host Remarks Reference

pNOB8 41,229bp Sulfolobus sp. NOB8H2 ParA, ParB Schleper et al., 1995
pING1 24,554bp Sulfolobus islandicus Stedman et al., 2000
pKEF9 28,930bp Sulfolobus islandicus Greve et al., 2004
pARN3 26,200bp Sulfolobus islandicus Greve et al., 2004
pARN4 26,476bp Sulfolobus islandicus Greve et al., 2004
pHVE14 35,422bp Sulfolobus islandicus Greve et al., 2004
pTC 20,417bp Sulfolobus tengchongensis
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Archaeal plasmids with poorly
characterized replication proteins

The halophilic Archaea H. volcanii, Halobacterium sp.,
and H. marismortui host plasmids with repH replica-
tion proteins (Table 9.5). The precise function of these
proteins for plasmid replication is currently unknown
since the proteins have not been studied so far. An
analysis of the amino acid sequence of these putative
replication proteins, which are between 300 and
1100 amino acids long, does not reveal sequence sim-
ilarity to known and characterized proteins, making
an in silico prediction of the protein function impossi-
ble. However, the 808 amino acid repH homolog is 
the only large protein encoded by the 6.4kb plasmid
pHV2 from H. volcanii, suggesting that the RepH
homologues are in fact involved in plasmid replica-
tion. Furthermore, the RepH protein of the mega-
plasmid pNRC100 from Halobacterium sp. NRC-1 is
part of the 3.9kb minimal replication origin (Ng &
DasSarma, 1993). RepH homologs are also found in
several megaplasmid/minichromosomes from H.
marismortui, in the viruses φCh1 (Natrilba magadii),
φH (H. salinarium) and in the plasmid pφHL (Gropp et
al., 1992; Klein et al., 2002). Clearly, further studies
are needed to characterize the repH replication pro-
teins, which appear to be quite abundant within the
halophilic Archaea.

Several repH replicons, e.g. the related plasmid
pHH1 and pNRC100 from two Halobacterium strains,
contain the gas vesicle genes, which are required for
gas vesicle synthesis and enable the cells to float.
Mutants unable to synthesize gas vesicles arise with
extremely high frequency (up to 10−2) (Pfeifer et al.,
1981). Insertion, deletions, and rearrangements of

the plasmids are responsible and are mostly caused
by highly active insertion elements (DasSarma et al.,
1983; Pfeifer & Blaseio, 1989). The plasmid pNRC100
contains 27 insertion elements (Ng et al., 1998).
Moreover, this plasmid contains a large inverted
repeat of about 35kb. Both inversion isomers are
observed in cultures and the plasmid appears to be
inverted rapidly in vivo (Ng et al., 1991).

The megaplasmids from Halobacterium sp. have a
different GC content than the main chromosome and
are more prone to mutagenesis by insertion element.
It is possible that the “plasmid” fractions of the
genomes of Halobacterium species are evolving. The
plasmids might disappear, fuse with each other or
with the main chromosome, or develop into new
chromosomes (Ng et al., 1998).

In Table 9.6 further archaeal plasmids, which are
only poorly studied, are listed. For most of them the
prediction of a replication protein is impossible due
to the lack of sequence similarity to characterized
proteins.

The plasmid pC2A from Methanosarcina acetivorans
and the plasmid pURB500 from Methanococcus mari-
paludis encode a protein with the conserved domain
of XerD/C integrases. The role of the respective pro-
teins for plasmid replication has not, however, been
further investigated. Both plasmids have served as
backbones for the construction of shuttle vectors
(Metcalf et al., 1997; Tumbula et al., 1997a).

The closely related plasmids pFV1 and pFZ1 from
Methanothermobacter thermautotrophicus encode for a
Cdc6-like protein. Cdc6 proteins are AAA+-ATPases
that participate in the replication initiation in
Archaea and eukaryotes. It could be demonstrated
that the Cdc6 proteins from Pyrococcus abyssi and S.
solfataricus bind specifically to the chromosomal
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Table 9.5 Plasmids with a repH replication protein.

Plasmid Size Original host Remarks Reference

pHV2 6354bp Haloferax volcanii Shuttle Charlebois et al., 1987
pHH1 143,000bp Halobacterium salinarium Shuttle, only partially Pfeifer & Ghahraman, 1993

sequenced, gas vesicle genes
pNRC100 191,346bp Halobacterium sp. NRC-1 Shuttle, gas vesicle genes Ng et al., 2000
pNRC200 365,425bp Halobacterium sp. NRC-1 Gas vesicle genes Ng et al., 2000
pNG200 33,452bp Haloarcula marismortui Baliga et al., 2004
pNG300 39,521bp Haloarcula marismortui Baliga et al., 2004
pNG400 50,060bp Haloarcula marismortui Baliga et al., 2004
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replication origins and could play a crucial role in
origin firing (Matsunaga et al., 2001; Robinson et al.,
2004). It is therefore possible that the plasmidal Cdc6
homologs initiate the replication of both plasmids.

Concluding remarks

The genome sequences of an increasing number of
archaeal plasmids have been determined in the past

few years. However, our knowledge of the biology,
biochemistry, and molecular biology is lagging
behind. Most of the archaeal plasmids appear to 
be cryptic. For a majority of the plasmids their repli-
cation and its regulation have not been addressed
yet. We can expect, though, that the study of
archaeal plasmids will deepen our knowledge of
DNA replication and of archaeal conjugation and will
allow us to assess the impact of plasmids on genome
plasticity.
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Table 9.6 Plasmid with uncharacterized replication proteins.

Plasmid Size Original host Remarks Reference

pC2A 5467bp Methanosarcina acetivorans Shuttle, XerDC integrase Metcalf et al., 1997
pURB500 8285bp Methanococcus maripaludis Shuttle, XerDC integrase Tumbula et al., 1997
pFV1 13,514bp Methanothermobacter thermautotrophicus Cdc6, DNA glycosylase, Nolling et al., 1992

restriction 
endonuclease

pFZ1 11,014bp Methanothermobacter thermautotrophicus Cdc6, DNA glycosylase Nolling et al., 1992
pME2200 6205bp Methanothermobacter thermautotrophicus Luo et al., 2001
pME2001 4439bp Methanothermobacter thermautotrophicus Luo et al., 2001
pZMX101 3918bp Halorubrum saccharovorum
pSCM201 3463bp Haloarcula sp. AS7094
large ECE* 58,407bp Methanocaldococcus jannaschii Restriction/modification Bult et al., 1996

type I, MCM, ParA
small ECE 16,550bp Methanocaldococcus jannaschii Restriction/modification Bult et al., 1996

type II
pHH205 16,341bp Halobacterium salinarum Ye et al., 2003

*ECE: extrachromosomal element.
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Introduction

Enzymes that facilitate site-specific DNA recombination are widely present in Archaea and Bacteria. These
enzymes play important roles in several molecular processes: some are involved in generating genetic varia-
tion or in regulating gene expression; some control the copy number of plasmids or resolve chromosome
dimers; others facilitate integration of genetic elements into host chromosomes. This last group generates inte-
grated plasmids or proviruses; therefore, the encoded enzymes are also called integrases (Ints). The integra-
tion process consists of multiple steps that are catalyzed by the integrase alone. No other proteins are
absolutely required for the biochemical reaction but some facilitate the process (Craig et al., 2002). Charac-
teristically an intermediate of a covalently linked integrase–DNA complex (Int-DNA) is formed. Some inte-
grases form Int-DNA via a serine residue, whereas others use a tyrosine. This difference provides the basis
for the classification of two major groups: serine and tyrosine recombinases. All the enzymes belonging to
the latter category are conserved in the catalytic domain and generate a superfamily of tyrosine DNA recom-
binases (Esposito et al., 1997; Nunes-Duby et al., 1998).

There are two types of Int-encoding genetic elements. The first group consists of episomal integrative plas-
mids and viruses. The bacteriophage lambda is a well characterized representative of this group because it
exists either in an episomal form or as an integrated prophage in its Escherichia coli host. The second category
includes the Int-encoding genetic elements that are present in many archaeal and bacterial chromosomes.
They are often referred to as integrated elements (IE) in Archaea (She et al., 2002) and as cryptic prophages,
genomic islands, symbiotic islands, or pathogenicity islands in bacteria (Dobrindt et al., 2004). Both types of
genetic elements have been implicated strongly in mediating horizontal gene transfer (HGT) during micro-
bial speciation and genome evolution. There is now a general agreement that HGT constitutes an important
evolutionary event in microbes and it has been suggested that 5–30% genes in microbial genomes have been
transferred horizontally (Koonin et al., 2001). In this chapter we summarize the current knowledge relating
to archaeal integrases and integration mechanisms as well as archaeal IEs and their roles in HGT during
genome evolution.

Archaeal integrases belong to a
superfamily of tyrosine recombinases

An archaeal tyrosine integrase was first identified in
the genome of Sulfolobus shibatae virus SSV1 more
than a decade ago (Palm et al., 1991). This virus can
form a provirus in host chromosome via site-specific

integration within the downstream half of a tRNAArg

gene (Reiter et al., 1989; Schleper et al., 1992).
Moreover, SSV1-encoded protein, SSV1-Int, can
effect site-specific integration in vitro (Muskhelisvili
et al., 1993). Taken together, these studies have
demonstrated clearly that SSV1 carries an inte-
grase gene (int). In analogy to the terminology of
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bacterial integration, the attachment site of SSV1 and
that of the archaeal host are termed attP and attA,
respectively, whereas the left and right hybrid attach-
ment sites of the provirus are referred to as attL and
attR. Figure 10.1 illustrates integration and excision
of SSV1 and the sequence motifs involved in the
recombination.

SSV1 integration has an exceptional feature: the
int gene is partitioned upon integration because the
attP site is located within the first part of the gene,
corresponding to the N-terminal region of the inte-
grase protein. This contrasts with the integration by
all other known integrases. The resulting int gene
fragments encode a smaller N-terminal fragment

intN (70 amino acids) and a larger C-terminal frag-
ment intC (270 amino acids) that border the provirus
(Fig. 10.1a). At present it is not known whether
SSV1 intN and intC can generate an active integrase,
although intC is unlikely to be expressed in the first
instance since it lacks a promoter for transcription.
Thus, excision of the SSV1 provirus relies on the
whole-length int gene present on the circular SSV1
viral genome. Interestingly, both episomal and inte-
grated forms of SSV1 are always present in the host
cell simultaneously (see Chapter 6 in this volume).
A plausible explanation of this phenomenon is that
the circular SSV1 genome provides the intact int gene
required for dynamic integration/excision. This 
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(a)

(b)

Fig. 10.1 Integration and excision of Sulfolobus shibatae virus SSV1. (a) The SSV1 integration scheme. 
(b) Sequences of the SSV1 attP and attA elements defined by Serre et al. (2002). Arrows illustrate genes and
relevant genes are labeled. All four attachment sites are composed of an imperfect inverted repeat flanking the
overlap sequence. O denotes the overlapping sequence within the attachment sites and it is illustrated with
dark-filled boxes; unfilled boxes represent the imperfect inverted repeat in attP, whereas gray-filled bars indicate
the imperfect repeat in attA. The direct repeat (DR) is underlined (this was previously called the attachment site
by Muskhelishvili et al., 1993). attA and attP denote the attachment sites of SSV1 and its archaeal host, whereas
attL and attR stand for the hybrid attachment sites. int, integrase gene; intN and intC indicate the partitioned
SSV1 int gene fragments. Top, top strand of attP; bottom, bottom strand of attA. DR, direct repeat.
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integrase represents the SSV1-type, since SSV1 is the
first integrative genetic element discovered for
Archaea (Schleper et al., 1992).

Recently, archaeal integrases that retain an intact
int gene after integration have been found in the
genomes of Sulfolobus species and this integrase type
is also encoded by Sulfolobus conjugative plasmids
(Garrett et al., 2004). Furthermore, it has been
demonstrated that the pNOB8 plasmid can integrate
site-specifically into host chromosome (She et al.,
2004). Thus, this integrase is referred to as the
pNOB8-type, after the first archaeal conjugative
plasmid that was characterized (Schleper et al., 1995;
She et al., 1998).

Thus far, a total of 43 whole-length int and 21
gene fragments thereof have been identified in 17
archaeal genomes (Table 10.1). This indicates that
tyrosine integrases are widely present in the archaeal
domain. Moreover, many archaeal genomes encode
multiple integrases and at least one Xer protein
(Table 10.1). As for bacterial recombinases (Nunes-
Duby et al., 1998), the archaeal enzymes are very
diverse in sequence and show only limited sequence

similarity within the catalytic domains carrying
120–160 amino acids. This similarity enables us to
classify archaeal integrases into subfamilies by mul-
tiple sequence alignment (She et al., 2002). Whereas
archaeal XerD and Xer-like integrases form one
major clade together with their bacterial counter-
parts, all other archaeal integrases form another
clade that is distinctive from that of bacterial inte-
grases (Fig. 10.2). Apparently archaeal tyrosine inte-
grases constitute a major group by themselves.
Moreover, the two different types of archaeal 
integrase, SSV1-type and pNOB8-type, also form 
distinctive groups (Fig. 10.2), reinforcing the 
mechanistic differences of their integration.

Crystal structures of six different tyrosine re-
combinases have revealed the presence of six highly
conserved catalytic residues, which characterize the
active site of tyrosine integrase (van Duyne, 2001).
Sulfolobus integrases of both SSV1 and pNOB8 types
are aligned with some well studied integrases to
investigate their sequence conservation in Archaea.
As shown in Fig. 10.3, the motifs in Box I, Kβ, and
Box II, as well as all known catalytic residues thereof,
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Table 10.1 Integrase genes and remnants in archaeal genomes.

pNOB8-type SSV1-type

Organism Full length int Truncated int xerD and xer-like int intN intN+intC

Aeropyrum pernix 1 0 1 n.d. 1
Archaeoglobus fulgidus 1 0 1 n.d. 0
Haloarcula marismortui 12 3 2 n.d. 0
Halobacterium salinarium 6 0 4 n.d. 0
Natronomonas pharaonis 4 2 1 n.d. 0
Methanococcus jannaschii 0 1 1 n.d. 0
Methanococcus maripaludis 1 1 1 n.d. 0
Methanosarcina acetivorans 7 3 2 n.d. 0
Methanosarcina mazei 1 0 1 n.d. 0
Picrophilus torridus 1 0 1 n.d. 0
Pyrococcus horikoshii 1 0 1 n.d. 2
Sulfolobus acidocaldarius 1 4 1 8 3
Sulfolobus solfataricus 6 2 6 2
Sulfolobus tokodaii 3 4 1 7 1
Thermococcus kodakaraensis 1 1 1 n.d. 4
Thermoplasma acidophilum 1 0 1 n.d. 0
Thermoplasma volcanium 1 4 1 n.d. 0

n.d., not determined; int, integrase gene, intN and intC, the partitioned N-terminal and C-terminal gene fragments of
the SSV-type integrase gene.
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are conserved within these archaeal members.
However, important differences are found between
the motifs of archaeal and bacterial enzymes.
Whereas the bacterial consensus is R . . . K . . .
H/KxxR . . . H/W . . . Y, the SSV1-type integrase has
R . . . R . . . KxxR . . . R . . . Y and the pNOB8-type
enzymes possess R . . . K . . . YxxR . . . R . . . Y. Thus,
two differences have occurred for each group and
these are indicated above the alignment of Sulfolobus
integrases in Fig. 10.3.

SSV1-Int is the only archaeal integrase that has
been characterized in detail. Using a recombinant
SSV1-Int enzyme, Serre et al. (2002) showed that
SSV1-Int forms a 3′-phosphotyrosine intermediate
with attA or attP via the well conserved tyrosine
“Y314” (Fig. 10.3), just as for bacterial tyrosine inte-
grases. This work demonstrates that the general
mechanism for integration by tyrosine enzymes is
conserved in Archaea and Bacteria. Moreover, they
have established that the minimal sequence required
for SSV1 integration (attP and attA) is only 27bp long
and it overlaps the 44bp direct repeat that was
thought to be the SSV1 core attachment site
(Muskhelisvili et al., 1993) (Fig 10.1b). Although this
result remains to be tested in vivo, the identified core
sequence for recombination is much shorter than
that of bacterial attPs that normally span a few
hundred base pairs (Craig et al., 2002). Further
insight into archaeal integration was gained by muta-
genesis of the putative catalytic residues of SSV1-Int
and it has been shown that any substitution at these
positions abolishes the catalytic activity (Letzelter et
al., 2004). This is also true for the substitutions that
have introduced the bacterial consensus sequence
into the archaeal enzyme. This reinforces the idea
that archaeal integrases constitute a distinctive
group.

Two types of integrative 
genetic elements

During comparative analyses of the chromosome of
Sulfolobus solfataricus and pHEN7 plasmid, an inte-
grated plasmid pXQ1 was identified in the former
(Peng et al., 2000). This plasmid is bordered by ORFs
very similar to the IntN and IntC that are encoded by
the SSV1 provirus. In the meantime, two 
putative proviruses were identified in the genome of

116 CHAPTER 10

Fig. 10.2 Phylogenetic tree of archaeal tyrosine DNA
recombinases. Sequences of the entire catalytic
regions were used to generate the tree. Archaeal and
bacterial integrases are shown in bold and normal
type, respectively. Archaeal integrases are presented
with the names of the genetic elements that carry
them, including plasmids, integrated elements, and
viruses. For those of an unknown origin, the
annotations of the open reading frames (ORFs) are
used, e.g. TA0365. Abbreviations: AP, A. pernix; AF, A.
fulgidus; MJ, M. jannaschii; MTH, M. thermautotrophicus;
PAB, P. abyssi; PH, P. horikoshii; Sso, S. solfataricus; ST, S.
tokodaii; TA, T. acidophilum; TVN, T. volcanium; VNG,
Halobacterium sp. NRC-1; IntI, bacterial integron
integrases; SsrA, site-specific recombinase A. The
sources of genetic elements are indicated in Table
10.2. SSV1- and pNOB8-type as well as Xer-like
integrases are indicated.
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Fig. 10.3 A multiple sequence alignment of Sulfolobus integrases. The alignment was generated by using the
Clustal X program and illustrated by BoxShader. Box I, Kβ, Box II, and Y are assigned according to Nunes-Duby
et al. (1998), the consensus of the catalytic residues for SSV-type integrases is indicated above the alignment and
the numbers indicate the position of amino acid in the SSV1 sequence. Catalytic residues that are shown in
black type indicate the catalytic residues that are different between archaeal and bacterial consensuses. Residues
with more than 80% identity and similarity are shaded black and gray, respectively.
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Pyrococcus sp. OT3, again embedded by partitioned
SSV1-like intNs and intCs (Makino et al., 1999). Sub-
sequently, many intNs and intCs are identified in other
archaeal genomes, including Aeropyrum pernix, Pyro-
coccus horikoshii, Sulfolobus acidocaldarius, and Sul-
folobus tokodaii (She et al., 2001), and Thermococcus
kodakaraensis (Fukui et al., 2005). For every intC, a
corresponding intN is also present because each pair of
intC and intN shares the same direct repeat. Thus, they
border IEs. These IEs are referred to as the SSV1-type
since they carry the partitioned intNs and intCs as for
the SSV1 provirus. So far, 13 such elements have been
identified in archaeal genomes (Table 10.2).

The IE encoding the pNOB8-type integrase pST2
was first found in the S. tokodaii genome
(Kawarabayasi et al., 2001) on the basis of the fol-
lowing: (i) pST2 contains a pNOB8-type int gene that
has remained intact after integration; (ii) it is bor-
dered by a direct repeat with one end overlapping a
tRNAMet gene; and (iii) it encodes many ORFs highly
similar to those of the conjugative plasmid pNOB8.
This type of IE is referred to as pNOB8-type as for
the SSV1-type. Only a subset of integrase-encoding
archaeal genomes have been analyzed for integrated
elements and eight pNOB8-type IEs have been found
(Table 10.2).

The broad appearance of the int genes in most
archaeal genomes suggests that archaeal integrative
genetic elements occur widely in nature. Indeed,
genetic elements encoding a pNOB8-type int have
been isolated from diverse archaeal species. In addi-
tion to the Sulfolobus conjugative plasmids, many
other genetic elements carry such an int gene. For
Euryarchaea, three archaeal viruses encode an 
integrase, i.e. Methanobacterium thermoautotrophicum
phage psiM2 (Pfister et al., 1998) and the haloviruses
HF1 and HF2 (Tang et al., 2004). Two small cryptic
plasmids carrying a putative int gene were isolated
from methanogens. They are plasmid pURB500 from
Methanococcus maripaludis (Tumbula et al., 1997a) 
and plasmid pC2A from Methanosarcina acetivorans
(Metcalf et al., 1997). Furthermore, multiple plas-
mids covering a wide size range exist as separate
replicons in haloarchaeal genomes, and many of
them carry at least one gene encoding DNA recom-
binase, including plasmids pNRC100, pNRC200 of
Halobacterium sp. (Ng et al., 1998), five large or mega-
plasmids of Haloarcula marismortui (Baliga et al.,
2004b), and PL23 of Natronomonas pharaonis (Falb 
et al., 2005). For SSV1-type integrative elements,

only Sulfolobus spindle viruses contain such an int
gene (see Chapter 6 in this volume), and all other
known genetic elements are devoid of such a gene.
Thus, SSV1-type int genes are present in only six
archaeal genomes, three of which are Sulfolobus
species. Among the archaeal genomes that encode
the SSV1-type integrase, only Sulfolobus species have
systematically been screened for genetic elements
(Zillig et al., 1994, 1998). Thus, more genetic ele-
ments carrying an SSV1-int gene remain to be iso-
lated from other Archaea.

Recently, many genome sequences of archaeal
hosts including genetic elements have become avail-
able and many are being sequenced. This has
changed the perspective of the study of archaeal inte-
gration. Comparative sequence analysis and poly-
merase chain reaction are the preferred techniques
for such investigations in order to exploit the
genome sequence data. A first step is to identify the
integration mechanism of the system under study.
Four different mechanisms of integration have been
found in Archaea thus far. The first is represented by
SSV1, and all known SSV-type IEs belong to this type
except TKV4. The difference between TKV4 and the
other SSV-type IEs lies in the relative orientation of
the intN and the tRNA target. Generally intN and
tRNA are reverse oriented but in TKV4 they have the
same orientation because integration has occurred
upstream of the tRNA gene (Fig. 10.4).

Two integration mechanisms have been found for
pNOB8-type IEs but integration occurs only in the
downstream halves of the target tRNA genes. In one
scheme, the target tRNA and int genes appear in a
tandem arrangement at the attL end (Fig. 10.4c) and
all known pNOB8-type IEs integrate in this fashion.
However, for the PL23 plasmids integrated into the
chromosome of Natronomonas pharaonis (Falb et al.,
2005), the int gene is present at the attR end while
the target tRNA site retains at the attL end (Fig.
10.4d). This reflects the fact that the PL23 attP site
3′-flanks the int gene (Falb et al., 2005).

tRNA genes are common targets for integration for
both Archaea and Bacteria. Hundreds of tyrosine
integrases are known to integrate within the down-
stream halves of tRNA genes and they very rarely
integrate in the upstream halves (Williams, 2002). So
far, only two IEs, TKV4 (Fig. 10.4b) and Mol38S from
Mesorhizobium loti (Zhao & Williams, 2002), have
been found to use this integration scheme. This 
raises a question as to why integration favors the
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Table 10.2 Integrated elements characterized in Archaea.

Direct Overlapping
Organism Name Size (kb) repeat (bp) tRNA gene Gene content References

SSV1-type
(a) Euryarchaeota

Pyrococcus sp. OT3 PT1 21.7 48 tRNAAla< putative provirus Makino et al., 1999
Pyrococcus sp. OT3 PT2 4.1 46 tRNAVal< putative provirus Makino et al., 1999
Thermococcus kodakaraensis TKV1 23.6 48 tRNAVal< MCM, transcriptional regulators Fukui et al., 2005
Thermococcus kodakaraensis TKV2 27.2 48 tRNAGlu< transcriptional regulators, ATPase Fukui et al., 2005
Thermococcus kodakaraensis TKV3 27.9 48 tRNAArg< PCNA, enzymes Fukui et al., 2005
Thermococcus kodakaraensis TKV4 18.8 42 tRNALeu> MCM Fukui et al., 2005; this

work
(b) Crenarchaeota

Aeropyrum pernix AP1 17.8 65 tRNALeu< unknown She et al., 2001
Sulfolobus acidocaldarius pSA1 8.7 44 tRNAHis< plasmid She et al., 2004
Sulfolobus acidocaldarius SA2 5.7 44 tRNAArg< unknown She et al., 2004
Sulfolobus acidocaldarius pSA3 32.5 50 tRNAGlu< degenerated CP, 2 enzymes Chen et al., 2005
Sulfolobus solfataricus pXQ1 7.3 45 tRNAVal< pRN-like plasmid She et al., 2001
Sulfolobus solfataricus XQ2 67.7 45 tRNAArg< 11 Enzymes She et al., 2001
Sulfolobus tokodaii pST1 6.7 48 tRNAAla< pRN-like plasmid She et al., 2002

pNOB8-Type
(a) Euryarchaeota

Natronomonas pharaonis PL23 36.9 25 tRNALeu> three copies of degenerated PL23 Falb et al., 2005
Methanococcus jannaschii MJ1 30.5 69 tRNASer> MCM Makoni et al., 1999

(b) Crenarchaeota
Sulfolobus tokodaii pST2 44.8 39 tRNAMet> pNOB8-like She et al., 2002
Sulfolobus tokodaii pST3 6.9 42 tRNAArg> pRN-like plasmid She et al., 2002
Sulfolobus tokodaii ST4 66.1 29 tRNAHis> 25 Enzymes She et al., 2002
Sulfolobus tokodaii ST5 nd nd tRNAGly> highly degenerated She et al., 2004
Sulfolobus acidocaldarius SA4 7.5 43 tRNAVal> plasmid-related Chen et al., 2005

>, < indicate the orientation of target tRNA genes relative to the integrase gene. GI, genomic island; CP, conjugative plasmid; IE: integrated
element; MCM, minichromosome maintenance protein; nd: not determined; PCNA, proliferating cell nuclear antigen. ST5 is a degenerated
integrated element for which only one integration border was identified.
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downstream halves of tRNA genes. It is likely that a
major disadvantage for integration at the upstream
is that the inserted IEs will divide the target gene
from its promoter. Although the target gene is fully
restored after integration, the subsequent expression
depends on whether an appropriate promoter occurs
within the IE. In contrast, integration in the down-
stream region mainly results in the removal of the
original termination signal. This can be replaced by
a similar sequence motif in IEs because the termina-
tion sig-nals for transcription are much less con-
served in sequence and position than the promoters.

Do archaeal IEs confer fitness on 
their hosts?

The archaeal IEs that have been identified so far are
very different in size and gene content. For the rel-
atively small IEs, some encode many ORFs carrying

a viral or plasmid function. Others contain mainly
unknown ORFs, presumably because the free inte-
grative genetic elements have never been character-
ized. Remaining IEs are relatively large in size, often
encoding enzymes, replication proteins, or transcrip-
tional regulators in addition to the ORFs of plasmid
or viral origin. The common appearance of IEs in
archaeal genomes raises several questions such as
what they are, where they are from, and what role
they may play in Archaea.

The IEs on the three Sulfolobus chromosomes must
have entered the present hosts via horizontal gene
transfer. This is evident from the properties of these
IEs as summarized in Table 10.3, including: (i) they
exhibit an anomalous nucleotide composition; (ii)
they contain plasmid-related ORFs; and (iii) they
encode ORFs exhibiting exceptional codon usage.
Three elements, pXQ1, pST1, and pST3, are appar-
ently derived from pRN-like plasmids (see Chapter 9
in this volume), because they all encode at least two
putative replication proteins characteristic of the pRN
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(a)

(b)

(c)

(d)

Fig. 10.4 Schematic illustration of the integration patterns of archaeal integrated elements. (a) The downstream
of a tRNA gene as the integration target by an SSV-type integrase, resulting in reversely oriented intN and tRNA
genes. (b) The upstream of a tRNA gene as the integration target by an SSV-type integrase, resulting in the same
orientation of the target tRNA gene and intN. (c) Integration of a pNOB8-type integrase upstream of the int
gene, resulting in the tandem arrangement of the tRNA and int genes at the attL end. (d) Integration of a
pNOB8-type integrase downstream from the int gene, resulting in the tRNA target gene retained at the attL end,
whereas the int gene is located at the attR end. Int represents the int gene of pNOB8-type; intN and intC denote
the N-terminal and C-terminal parts of an intact SSV integrase gene; attL and attR denote the integration
conjunctions; tRNA genes are illustrated as filled arrows.
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plasmid family. Moreover, pST2 and pSA3 must have
been derived from Sulfolobus conjugative plasmids.
Although pSA3 contains fewer conserved conjugative
plasmid ORFs than pST2, ORFs important for conju-
gation are present (Chen et al., 2005b). Thus, pSA3
may have derived from a conjugative plasmid that is
only distantly related to known ones. Although it may
have been degenerated to some extent, pSA3 has
been implicated in the process of chromosomal conju-
gation in Sulfolobus acidocaldarius (Chen et al., 2005b).
However, it remains to be determined whether pST2
and pSA3 facilitate such a process.

Three Sulfolobus IEs have brought new genetic
information and properties to the current hosts.
Whereas ST4 encodes 25 enzymes, pSA3 adds two
new genes encoding enzymes with closest ortho-
logues from M. jannaschii to its host (Table 10.3).
XQ2, on the other hand, encodes 11 enzymes, 12 IS
elements and remnants thereof, and 13 hypothetical
ORFs as well as 29 ORFs of unknown function.
Among the 11 encoded enzymes, eight are appar-
ently redundant for S. solfataricus, but present only in
one copy in S. tokodaii. The remainder are unique,
and their closest homologs are from Euryarchaea,
showing 34–44% identity (Table 10.4). However, it
remains to be established whether these enzymes are
an advantage for the host.

Several other IEs present in euryarchaeal genomes
encode metabolic enzymes, transcriptional regula-

tors, and replication factors of the minichromosome
maintenance protein (MCM) and proliferating 
cell nuclear antigen (PCNA) (Table 10.2). It was 
previously suggested that the archaeal and eukaryal
replication apparatus originated from plasmids 
or viruses (Forterre, 1999). These IEs that carry
MCM and PCNA genes, as well as cell cycle division
protein 6- (Cdc6) and MCM-encoding plasmids 
(see Chapter 9 in this volume), provide plausible 
evidence for the capturing of genes encoding repli-
cation proteins in Archaea, as suggested by Forterre
(1999).

Stability and evolution of 
integrated elements

A critical step for a successful HGT is the stable main-
tenance of foreign DNA in the host genome. For
SSV1-type integration, stably integrated SSV-type IEs
are already produced upon integration, since SSV-int
genes are partitioned into intNs and intCs, providing
that an episomal form of the genetic elements is
absent and the intNs and intCs do not produce a func-
tional enzyme. This is discussed in detail for SSV1
integration in a previous section (see also Fig. 10.1).
The stability of the integrated pXQ1 in S. solfataricus
has been studied by a polymerase chain reaction
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Table 10.3 Properties and gene contents of Sulfolobus integrated elements.

ORF content

Name Size (kb) G+C%* Total HGT Plasmid Enzymes Fragmented IS Other

pXQ1 7.3 38.2 (+2.4) 10 0 8 0 4 1 1
XQ2 67.7 36.8 (+1.0) 64 13 1 11 8 10 43
pST1 6.7 41.1 (+9.0) 9 9 7 0 2 0 2
pSA1 8.7 39.2 (+2.5) 7 n.d. 5 0 0 0 2
SA2 5.7 41.6 (+4.9) 7 n.d. 1 0 0 0 6
pSA3 32.5 39.0 (+2.3) 35 n.d. 11 1 7 3 16
pST2 44.8 36.9 (+4.8) 59 8 40 0 0 0 19
pST3 6.9 36.0 (+3.9) 6 >1 4 0 0 0 2
ST4 66.1 32.1 (−0.7) 86 10 14 25 5 3 50
SA4 7.5 41.0 (+4.3) 8 n.d. 3 0 0 0 5

*Numbers in parentheses indicate the difference between the integrated elements and the genomes carrying them; 
(+/−), higher/lower than host.

n.d., not determined; HGT, horizontal gene transfer; IS, insertion sequence. Predicted HGT genes were obtained from
the HGT database www.fut.es/∼debb/HGT/).
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(PCR) approach to amplify attachment sites attA,
attP, attL, and attR. Only the integrated pXQ1 is
present and it appears in all host cells, since PCR
amplification of an attA does not yield a product (She
et al., 2001). This indicates that the plasmid is stably
maintained.

The mechanism for capturing a pNOB8-type IE
was studied recently with the conjugative plas-
mid pNOB8. Sulfolobus sp. NOB8H2 mutants carry-
ing only the integrated pNOB8 plasmid have been
isolated, and characterization of the mutants
revealed that they exhibit deletion mutations in the
int gene region, which must have occurred after inte-
gration (Bao Shen & Q. She unpublished). Thus, it
appeared that stabilization of pNOB8-type IEs relies
on mutating at least one of the key elements that are
required for excision.

It is widely accepted that IEs are subject to decay
by deletion and degeneration as a result of persistent
evolutionary pressure, yielding remnants of the
genetic elements. Only genes that confer a selective
advantage to the host will be retained and evolved.
Thus, the extent of degeneration of IEs reflects the
sequential HGT events that contributed to their being
encaptured in the chromosome. In the S. tokodaii
genome, pST3 is a selfish integrated pRN-like
plasmid and it still has an intact int and a perfect
direct repeat of 44bp. This indicates that this plasmid
was captured relatively recently. For pST2, the direct
repeat is 41bp with one mismatch in the middle, and
its int gene remains intact, suggesting that pST2 rep-
resents an “older” IE than pST3. Furthermore, ST4 is

an IE that resulted from an HGT event earlier than
those of pST2 and pST3, since there are extensive
changes in both its repeat sequence and int gene. The
direct repeat is only 29bp long and the putative
overlap sequence, represented by “O” within the
SSV1 attachment sites in Fig. 10.1b, no longer exists.
Moreover, at least three mutations had occurred in
the int gene, as was revealed by analysis of the int
remnants of STO255 and STO256 (She et al., 2004).
There is another int remnant in the S. tokodaii
genome, ST5, which is indicative of a more ancient
HGT via site-specific integration, since one border
cannot be defined due to the lack of a direct repeat.
Its int gene is so degenerated that only a small ORF
of 74 amino acids (STS021) is recognizable. These
demonstrate that degeneration of int genes and
attachment sites can be used as a molecular evolu-
tionary marker for IEs.

In summary, three molecular events occurred in
the evolution of the IEs present in the S. tokodaii
genome, indicating that: (i) multiple HGT events
occurred via site-specific integration; (ii) IEs were
subject to deletion and/or degeneration; and (iii)
only acquired fitness genes will be retained and ame-
liorated. These findings provide a basis for a further
study of mechanisms of HGT events conferred by IEs.

Concluding remarks

Two types of integrases (SSV1 and pNOB8-type) are
present in Archaea in addition to the universal Xer
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Table 10.4 Metabolic enzymes in the integrated element XQ2 of Sulfolobus solfartaricus.

ORF ID Enzyme Copies S. solf./S. tok. Identity/similarity (%)

SSO786 amino acid specific permease 2/1 77/90
SSO790 acetylornithine deacetylase 2/1 57/74
SSO791 glycosyltransferase 3/1 61/76
SSO809 UDP-glucose 4-epimerase (galE-2) 1/0 44/64
SSO810 UDP-glucose 6-dehydrogenase (ugd) 1/0 42/60
SSO813 UTP-glucose-1-phosphate uridylyltransferase 1/0 34/48
SSO830 dTDP-glucose 4,6-dehydratase 3/1 79/93
SSO831 glucose-1-phosphate thymidylyltransferase 2/1 86/93
SSO832 dTDP-4-dehydrorhamnose reductase 2/1 80/93
SSO833 dTDP-4-dehydrorhamnose 3,5-epimerase 2/1 78/91
SSO837 polysaccharide biosynthesis related protein 3/1 76/88

S. solf., Sulfolobus solfataricus; S. tok., Sulfolobus tokodaii.
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homologues. Whereas the pNOB8-type genetic ele-
ments integrate into their host genomes by a similar
mechanism to bacterial systems, integration by those
of SSV1-type produces partitioned intNs and intCs.
Most archaeal integrases form one group, which,
together with sister groups of bacterial integrases and
Xer enzymes, forms the superfamily of tyrosine
recombinases (Fig. 10.2). Biochemical characteriza-
tion of SSV1-Int revealed that this archaeal enzyme
forms a covalent bond to the DNA substrate, re-
inforcing the hypothesis that all tyrosine recombi-
nases share the same general mechanism of
integration. Furthermore, six catalytic residues
revealed by crystal structural analyses are well con-
served in bacterial integrases. These motifs are also
highly conserved within these archaeal members,
but three substitutions occurred relative to the bac-
terial consensus. These changes in sequence motifs
may reflect special features of archaeal integrases,
since mutation of any archaeal consensus inactivates
the SSV1-Int protein.

Acquiring genetic information via site-specific inte-
gration represents an important means of HGT in
Archaea. Many genes encoding known enzymes or
proteins, as well as a lot of unknown ORFs, are trans-
ferred via site-specific integration. Furthermore, the
evolution of the acquired DNA can be estimated by
examining the extent of degeneration of the int genes
and the attachment sites of IEs. However, the evolution
of the acquired genes cannot be assessed directly at
present. A much larger dataset, including many
genomes of closely related archaeal species, is required
for such an analysis. In Bacteria, genes encoding phys-
iological traits can be transferred from one species 
to another and the DNA enters a new host via site-
specific integration. Whether Archaea can do the same
is not yet clear and suitable archaeal physiological traits
should be identified and then used for this study. Thus,
outstanding questions such as the origin, function, and
evolution of IEs remain to be answered. This will have
to be done through concerted efforts in genomics,
genetic, and biochemical studies of Archaea.

INTEGRATION MECHANISMS: POSSIBLE ROLE IN GENOME EVOLUTION 123
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Introduction

In an Indian parable, six blind men are asked to identify an elephant. The first, touching only its side, pro-
claims that it is a wall. The second man feels the tusk and believes it to be a spear, while the third mistakes
the elephant’s trunk for a snake. In this fashion, its knee is mistaken for a tree, its ear for a fan, and its tail
for a rope. The moral of the story is that by examining the parts of the elephant in isolation, each man “was
partly in the right, and yet all were in the wrong” (from “The Blind Men and the Elephant” by John Godfrey
Saxe, 1816–87).

We face a similar problem in our research on Archaea. These organisms lend themselves to biochemistry
and structural biology, as their proteins are often very stable under normal laboratory conditions. Significant
advances in our understanding of Archaea have therefore been made on account of elegant biochemical exper-
iments. However, without genetics we risk being like the six blind men – by examining the individual parts
of Archaea in exquisite detail, we will neglect to look at the whole.

A cell is more than the sum of its parts, for many processes have overlapping functions that can only be
teased apart by studying them in the living organism. Historically, the most successful approach has combined
genetics and biochemistry. While this partnership has recently been joined by various systems-level tech-
niques (identifiable by the suffix “omics”), genetics remains the most effective technique for examining 
the role of a protein in vivo. Specifically, the ability to examine the phenotype of the cell in the absence 
of a protein, through the generation of mutants, has proven most fruitful in bacterial and eukaryotic model
organisms.

There are several prerequisites for genetics, not least of which is the ability to grow the organism in isola-
tion, under conditions that can easily be replicated in the laboratory. It is at this first hurdle that most poten-
tial archaeal genetic systems fall. Since these organisms are renowned as extremophiles, or are extremely
intolerant of oxygen, it can prove difficult to cultivate them. Archaea that grow in moderate-temperature
aerobic environments have recently risen to prominence, but thus far, attempts to grow them in isolation
have not been successful.

Despite difficulties, a number of genetic systems have been developed for methanogens (Methanococcus mari-
paludis, Methanococcus voltae, and Methanosarcina spp.), halophiles (Halobacterium spp. and Haloferax volcanii),
and thermophiles (Sulfolobus spp., Pyrococcus spp., and Thermococcus kodakaraensis). All of these species can be
grown on solid media, can be transformed with foreign DNA, and have selectable markers for genetic mani-
pulation. In the following sections, we describe the tools and techniques available for archaeal genetics in
these species.

11
Genetics

Moshe Mevarech and Thorsten Allers
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Random mutagenesis

Similarities between archaeal, bacterial, and eukary-
otic genes can be used to predict the function of only
half of the genes in archaeal genomes. Mutagenesis
provides the means to uncover the function of the
other half, and thereby characterize genes and reac-
tion pathways that are unique to Archaea. Later in
this review, we describe reverse genetics methodolo-
gies for directed gene-knockouts, which have been
developed for a number of Archaea. In this section,
we describe random mutagenesis strategies.

Chemical mutagenesis, using ethylmethanesul-
fonate (EMS), has been used to mutagenize Hfx. 
volcanii (Mevarech & Werczberger, 1985), M. mari-
paludis (Ladapo & Whitman, 1990), and P. abyssi
(Watrin & Prieur, 1996). UV radiation mutagenesis
has been used to mutagenize M. voltae (Bertani &
Baresi, 1987), S. acidocaldarius (Woods et al., 1997),
and P. abyssi (Watrin & Prieur, 1996). Although
mutations induced by chemicals or UV radiation are
usually point mutations and therefore are difficult 
to map, they have the advantage that one can 
randomly mutate essential genes to produce 
temperature-sensitive conditional mutations. One
strategy to isolate such mutations, once a phenotype
has been identified, is by complementation with
genomic libraries.

Enrichment of mutants

Point mutants for “loss of function” often do not
have phenotypes that are easy to select, and there-
fore are difficult to isolate. Ampicillin enrichment,
which makes use of the fact that only growing cells
are sensitive to ampicillin, is common for Bacteria.
Since Archaea do not have peptidoglycan cell walls,
this method cannot be used. Nevertheless, several
enrichment protocols for loss of function mutants
have been developed for Archaea. The 5-bromo-
2′-deoxyuridine (BrdU) enrichment protocol for
halophilic Archaea (Soppa & Oesterhelt, 1989)
makes use of the fact that growing cells can incor-
porate BrdU instead of thymidine into the chromo-
some, making these cells extremely sensitive to UV
irradiation. Similarly, 6-azauracil (zUra) and 8-
azahypoxanthine (zHyp) base analogs were used to
enrich for auxotrophs of Methanococcus maripaludis
(Ladapo & Whitman, 1990). The bacitracin enrich-

ment protocol is based on the fact that bacitracin
inhibits the synthesis of the glycoprotein S-layer 
of Archaea (Mescher et al., 1976). This protocol 
was used for enrichment for formate auxotrophic
mutants of Methanobacterium thermoautotrophicum
(Tanner et al., 1989).

Other methods of random mutagenesis

Random insertional mutagenesis is possible as long
as the species is proficient for homologous recombi-
nation. In this approach, a genomic library of small
fragments is created in a “suicide vector” carrying a
selectable genetic marker (see section on vectors).
The library is transformed into the archaeal cell and
transformants that carry the genetic marker are
selected. Since the vector cannot replicate in the cell,
only cells in which the cloned fragment have been
recombined into the chromosome will survive. If the
size of the cloned fragment is smaller than a gene,
there is a good chance that it will disrupt the gene
into which it has been recombined. The disrupted
gene can be easily isolated by cutting and self-
ligating genomic DNA fragments from the mutant,
followed by introduction into E. coli. Such random
insertional mutagenesis has been used to isolate
acetate auxotrophs of M. maripaludis (Kim &
Whitman, 1999).

Transposon mutagenesis has been attempted, but
its usefulness has been limited. Heterologous trans-
poson mutagenesis was used to study the nifH gene
of M. maripaludis (Blank et al., 1995), using the
Mudpur transposon. This is a miniMu transposon
containing the chloramphenicol acetyltransferase
and puromycin transacetylase genes between the left
and right ends of Mu, thus providing selectable
markers for E. coli and Methanococcus species. The M.
maripaludis nifH gene was cloned into bacteriophage
chromosome, and transposition of the Mudpur
transposon was performed in E. coli cells. Phage DNA
carrying the nifH gene, into which the transposon
had been inserted, was isolated and transformed into
the M. maripaludis cells. The transposon containing
the nifH gene was integrated into the M. maripaludis
genome by homologous recombination and mutant
cells were selected on puromycin-containing plates.
Although the transposition was random, it was
restricted to a defined region of the chromosome
rather the whole genome.
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An elegant in vivo transposition system for
Methanosarcina acetivorans was developed in the lab-
oratory of Bill Metcalf (Zhang et al., 2000), using a
modified version of the insect mariner-family trans-
poson Himar1. This transposon carries a puromycin-
resistance marker as well as features that allow easy
cloning of transposon insertions. Unfortunately, this
system is restricted to methanogens, as eukaryotic or
bacterial transposons cannot function in the hyper-
saline interior of halophiles, or at the high tempera-
tures that are required by hyperthermophiles.

Genetic exchange

The role of lateral gene transfer (LGT) as a driving
force in archaeal evolution has only recently been
appreciated, and is illustrated by the observation that
the fraction of “foreign” genes in Archaea has been
estimated to be as high as 20–30% (Koonin et al.,
2001). The best examples for possible large-scale LGT
in Archaea are the inflated genome of Methanosarcina
mazei, comprising 4.1Mb of which 30% is bacterial
in origin, and the halophilic archaeon Haloarcula
marismortui. The latter has three complete rRNA
operons, containing extensive sequence differences,
which are located on two separate replicons (Baliga
et al., 2004). Whereas evidence is accumulating for
LGT, the mechanisms that underlie this transfer are
largely unexplored. Below, we describe novel genetic
exchange systems discovered in the halophilic
archaeon Haloferax volcanii and the hyperther-
mophilic archaeon Sulfolobus acidocaldarius.

Hfx. volcanii is a prototrophic halophilic archaeon
that grows in a simple defined medium. Auxotrophic
mutants of this archaeon were isolated after chemi-
cal mutagenesis (Mevarech & Werczberger, 1985). To
test whether genetic exchange occurs, auxotrophic
mutants were grown separately, and paired combi-
nations of the mutants were mixed and grown
together on the solid surface of rich medium. The
mixed cultures were then resuspended and plated on
minimal plates. Prototrophic colonies were obtained
at a frequency of about 10−6, which is about 1000
times higher than the frequency of spontaneous
reverse mutation. Since recombinants were obtained
in each cross of two auxotrophic mutants, it was not
possible to distinguish between donor strains and
recipient strains. The efficiency of transfer of genetic
information was dependent on the establishment of

physical contact between the mutant cells and the
viability of each mutant. No transfer was observed
when the two mutants were grown together in
shaking culture. The transfer was not sensitive to
DNase, and no transfer was observed when the fil-
trate of conditioned medium of one mutant was sup-
plied to the other. Kinetic studies have shown that
even a brief contact between Hfx. volcanii cells is 
sufficient for genetic exchange to occur, but the 
efficiency of this process increases with time of 
incubation (Rosenshine & Mevarech, 1991).

One possible explanation for these findings is that
the genetic exchange system of Hfx. volcanii is a novel
form of bidirectional conjugation. Alternatively, the
lack of classical donor and recipient strains can be
explained by cellular fusion of neighboring cells,
reminiscent of eukaryotic mating. Some genetic evi-
dence suggests that the latter mechanism is correct:
1 In genetic analyses of crosses of mutant strains,
each carrying several auxotrophic mutations, stable
diploids that carry the entire genomes of the two
parental strains were obtained. These diploids segre-
gated into the two parental strains upon removal 
of the selection pressure (Rosenshine & Mevarech,
1991).
2 When an auxotrophic mutant carrying a plasmid
that confers resistance to one antibiotic is crossed
with another auxotrophic mutant that carries a
plasmid that confers resistance to another antibiotic,
it is possible to demonstrate near-100% linkage
between the transfer of the auxotrophic markers and
the transfer of the plasmids that encode the anti-
biotic resistance markers (Ortenberg et al., 1998).

By attempting to transfer selectable plasmids
between different halophilic Archaea, it was found
that the genetic exchange system is genus-specific.
Hfx. volcanii can transfer plasmids to Hfx. mediterranei
but not to Haloarcula marismortui or Halobacterium
salinarum (Tchelet & Mevarech, 1994). It seems,
therefore, that a specific adherence factor is required
for a successful genetic exchange process. Unlike
Bacteria that are encapsulated by rigid cell walls,
most Archaea are surrounded by flexible surface S-
layers made of glycoproteins. It is possible that some
Archaea have specific surface protein receptors that
recognize the S-layer proteins of similar Archaea,
leading to adherence and fusion of the two cells.

Electron micrographs of Hfx. volcanii have shown
that cells in colonies are connected by cytoplasmic
bridges, and this cytoplasmic continuity is established
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de novo between cells grown together on solid sur-
faces (Rosenshine et al., 1989). Based on these and
other findings, summarized in Ortenberg et al.
(1998), a four-step mechanism was proposed for the
genetic exchange system of Hfx. volcanii: (i) genus-
specific cell–cell interaction that occurs when two
cells establish physical contact; (ii) creation of
narrow cytoplasmic bridges; (iii) expansion of the
bridges, thus fusing the neighboring cells and creat-
ing diploids (occurs in about 1% of the cells that are
connected by cytoplasmic bridges); (iv) recombina-
tion and segregation.

The genetic exchange system of S. acidocaldarius
was discovered by Dennis Grogan. Details of this
system are described in Chapter 12 in this volume,
but some comparative aspects of this system can be
mentioned here. As in the case of Hfx. volcanii,
cell–cell contact seems to be required for the
exchange process, donor–recipient relationships
cannot be inferred, and all strains seem generally
fertile with each other. However, unlike Hfx. volcanii,
S. acidocaldarius is able to exchange genetic material
in liquid culture. It was hypothesized, therefore, 
that S. acidocaldarius cultures contain cells that are
able to form cell–cell associations in dilute liquid 
suspensions (Ghane & Grogan, 1998). The difference
between the mating systems of Hfx. volcanii and S.
acidocaldarius might be only quantitative. Namely, it
is possible that the surface interactions in the latter
are much stronger and require only a brief encounter
of the cells. In Hfx. volcanii, on the other hand, the
surface layer interactions might be much weaker and
require long exposure of the cells to each other. If
this model is true and the existence of specific surface
receptors can lead to cell fusion, this phenomenon
might be widespread among Archaea and can have
an important evolutionary role, similar to mating in
eukaryotes.

Transformation

The development of selectable markers and transfor-
mation protocols are intimately linked. Without a
selectable phenotype, it is impossible to quantify
transformation efficiency. On the other hand, the
development of selectable genetic markers and their
validation requires efficient transformation proto-
cols. To circumvent this problem, Cline and Doolit-
tle (1987) developed a protocol for introduction of

foreign DNA into the halophilic archaeon Hbt. halo-
bium, by transfection with the naked halophage ΦH
DNA and scoring for the appearance of plaques on
Hbt. halobium lawn. Similarly, Schleper et al. (1992)
have demonstrated the efficient uptake of the SSV1
viral DNA by transfecting Sulfolobus solfataricus
cells using electroporation. A different approach 
was employed by Bertani and Baresi (1987) for
Methanococcus voltae. Auxotrophic mutants of this
archaeon were isolated after irradiation with UV light
or gamma rays. The transformation protocols were
then developed by transforming the cells with puri-
fied chromosomal DNA of the wild-type strain, in
order to complement the chromosomal mutations. It
was shown that M. voltae is naturally competent for
transformation.

In evaluating transformation protocols, we con-
sider the following variables: (i) the organism; (ii)
transformation of spheroplasts versus whole cells;
(iii) transformation of linear DNA versus circular
DNA; (iv) the use of auxiliary materials or physical
treatments.

Halophilic Archaea

The first transformation protocol for an archaeon
was established in halophilic Archaea. This protocol
was based on the observation that the cell surface of
these organisms is made of a paracrystalline glyco-
protein layer, termed the surface (S) layer, which
depends on Mg++ ions for stability. Spheroplasts can
be readily generated by removal of Mg++ ions from
the medium, and these spheroplasts will regenerate
to form normal cells upon incubation in rich media
containing Mg++ ions. It was found (Cline & Doolit-
tle, 1987) that the spheroplasts of Hbt. halobium could
be efficiently transfected by the phage DNA when
low molecular weight polyethylene glycol (PEG 
600) was added. Subsequently, this protocol was
adapted to the transformation of plasmids into 
other halophilic Archaea, such as Hfx. volcanii, Har.
vallismortis, and Har. hispanica (Cline & Doolittle,
1992). PEG-mediated spheroplast transformation of
halophilic Archaea is a very efficient method
enabling the introduction of plasmid DNA or linear
DNA, yielding around 106 transformants/µg DNA.

In considering transformation experiments in
halophilic Archaea, one should be aware of the exis-
tence of restriction/modification systems in some
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members of this group. DNA that is isolated from Hfx.
volcanii is resistant to cleavage by restriction enzymes
at 5′-CTAG-3′ sites, indicating that this site is modi-
fied (Charlebois et al., 1987). Hfx. volcanii also has a
restriction system that recognizes adenine methy-
lated 5′-GATC-3′ sites (which occur frequently in
DNA that is isolated from E. coli), resulting in a reduc-
tion of transformation efficiency of methylated DNA.
This can be circumvented by passaging the DNA
through an E. coli dam− strain that is deficient in
GATC methylation (Holmes et al., 1991).

Methanogenic Archaea

The first demonstration of transformation in
methanogens was made by Bertani and Baresi
(1987), who found that Methanococcus voltae is natu-
rally competent to incorporate naked chromosomal
DNA. Subsequently, it was shown (Gernhardt et al.,
1990) that circular plasmid could also be incorpo-
rated by this natural transformation system. The
main disadvantage with natural transformation is 
its extremely low efficiency of transfer (∼8 trans-
formants/µg DNA). A substantial increase in 
transformation efficiency of plasmid DNA (∼700
transformants/µg DNA) was obtained by natural
transformation of protoplasts rather than whole cells
(Patel et al., 1994). Electroporation of protoplasts
with plasmid DNA yielded fewer recombinants than
natural transformation (∼170 transformants/µg
DNA), but was much higher when linear DNA was
electroporated (∼7400/µg DNA).

Much higher transformation yields were obtained
by PEG-mediated transformation of Methanococcus
maripaludis (Tumbula et al., 1994). This method 
is reminiscent of the PEG-mediated spheroplast
transformation of halophilic Archaea, and yields 
∼105 transformants/µg DNA. In both methods, the
addition of PEG is important (though in the 
M. maripaludis case PEG 8000 is used), high Mg++

concentration inhibits the transformation, and
spheroplasts are produced prior to the regeneration
of native cells.

An extremely efficient liposome-mediated trans-
formation protocol was developed for Methanosarcina
(Metcalf et al., 1997). As in the PEG-mediated 
transformation mentioned above, best results are
obtained after stripping off the glycoprotein S-layer,

by suspending the cells in isoosmotic, Mg++-free
medium. The DNA:liposome complexes are formed
by mixing the DNA with DOTAP (Roche), and 
the complexes are added to the cells. This method
was successfully applied to different Methanosarcina
species, with the best results obtained for M. 
acetivorans (>107 transformants/µg DNA). For some
reason, no transformants have been obtained with
M. mazei.

Thermophilic Archaea

Heat-shock dependent DNA transformation has been
demonstrated in Thermococcus kodakaraensis (Sato et
al., 2003), Sulfolobus acidocaldarius, and Pyrococcus
furiosus (Aagaard et al., 1996). Initially, 80mM CaCl2
was included in the transformation of the three
species, but it was shown that T. kodakaraensis is 
naturally competent for DNA uptake and CaCl2 is 
not necessary. The selectable marker used in the T.
kodakaraensis transformation was the pyrF gene and
selection was initially made in liquid, because the
Gelrite used as a solidifier appears to contain traces
of pyrimidine. A selectable marker that can be used
for P. furiosus is the alcohol dehydrogenase gene from
S. solfataricus, which confers resistance to butanol 
and benzyl alcohol, and selection was made in liquid
culture (Aravalli & Garrett, 1997).

PEG-mediated spheroplast transformation has
been demonstrated for Pyrococcus abyssi (Lucas et al.,
2002). As in the halophilic archaeal transformation
protocol, spheroplasts were made by adding EDTA to
cell suspension, and the uptake of the DNA by spher-
oplasts was dependent on the addition of PEG 600.
The S. acidocaldarius pyrE gene was used for selection
by complementation of a pyrE mutation in the P.
abyssi cells. Transformants were selected on Phytagel
(Gellan gum) plates, and the transformation effi-
ciency was 102–103/µg of plasmid.

Electroporation was applied successfully for trans-
fection of S. solfataricus with the bacteriophage SSV1
DNA (Schleper et al., 1992). Transfectants were
obtained at yields of up to 106 transfectants/µg DNA.
Methanococcus voltae is another species that has also
been transformed using electroporation (Patel et al.,
1994), but in general this protocol has not been used
widely in Archaea. An obvious reason is that it is not
appropriate for Haloarchaea, which do not survive in
salt concentrations below ∼1M NaCl.
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Selectable markers

Cell growth inhibitors

Cell growth inhibitors, and their corresponding
resistance genes, are widely used for genetic selec-
tion in Bacteria and eukaryotic cells. The successful
application of these inhibitors depends on their
ability to inhibit processes that are essential for cells.
Most bacterial antibiotics inhibit one of the processes
of the genetic information flow – DNA replication,
transcription, and translation – or cell wall synthesis.
Since Archaea have cell walls that are distinct from
those found in Bacteria, and their components of
genetic information processing are more similar to
eukaryotic ones, most bacterial cell growth inhibitors
are harmless to Archaea. Another problem in the
application of bacterial cell growth inhibitors for
archaeal genetics is the scarcity of bacterial resistance
genes, and their inefficiency when expressed in
archaeal cells.

Resistance to cell growth inhibitors can be
obtained in one of the following ways: (i) cleavage
or modification of the inhibitor; (ii) modification of
the target molecule to reduce binding of the
inhibitor; (iii) overproduction of the target molecule;
(iv) an alternative pathway that is insensitive to the
inhibitors; (v) active efflux pumping of the inhibitor.
Resistance genes that code for enzymes that cleave
or modify cell growth inhibitors are widely used for
selection against antibiotics. These genes are usually
isolated from naturally occurring bacterial plasmids
or from antibiotic-producing bacterial strains. There-
fore, they can be used for construction of selectable
makers for most methanogens. However, many
Archaea are either hyperthermophiles that thrive at
temperatures well above those that are suitable for
growth of most Bacteria, or extreme halophiles that
have a hypersaline cytoplasm. For these
extremophilic Archaea, the enzymes encoded by
antibiotic resistance genes are inactive under the
physiological conditions existing inside these
archaeal cells. Nevertheless, several cell growth
inhibitors have been discovered for Archaea, and
their use in the development for selection of recom-
binant DNA will be described.

Selectable genes that code for proteins that render the
inhibitor inactive The most widely used inhibitor 

in this group is puromycin. Puromycin has been
shown to inhibit growth in M. voltae (Possot et al.,
1988) and other methanogens. The resistance
marker (puromycin transacetylase) is encoded by 
a bacterial gene from Streptomyces alboniger. Due 
to differences between bacterial and archaeal gene
regulation, it is transcribed using an M. voltae
promoter (Gernhardt et al., 1990). Similarly, the
bleomycin-resistance ShBle gene from Streptoallo-
teichus hindustanus was cloned downstream of halo-
archaeal promoter sequences and used to select for
bleomycin-resistant Hfx. volcanii cells (Nuttall 
et al., 2000). In order to be able to use hygromycin
B to select recombinants of the thermophilic
archaeon S. solfataricus, the E. coli hph gene encod-
ing for hygromycin B phosphotransferase gene 
was randomly mutated and a thermostable variant
was isolated (Cannio et al., 1998). Similarly, the 
S. solfataricus adh gene that encodes for alcohol 
dehydrogenase was used as a selectable 
marker, which enables growth of Pyrococcus 
furiosus and S. acidocaldarius in media containing
butanol or benzyl alcohol (Aravalli & Garrett, 
1997).

Selectable genes that code for modified targets The
most useful genetic marker in this group is the
mutated haloarchaeal gyrB gene that confers resist-
ance of Haloarchaea towards novobiocin, a potent
inhibitor of DNA gyrase. The original novobiocin-
resistant gyrB mutant was isolated from Haloferax
strain Aa2.2 and conferred resistance of Hfx. volcanii
to novobiocin (Holmes & Dyall-Smith, 1991). Since
the novobiocin-resistant gyrB gene is very similar to
the chromosomal Hfx. volcanii gyrB gene, this selec-
table marker can integrate into the chromosomal
allele by homologous recombination or replace it by
gene conversion. This problem does not occur 
when the novobiocin-resistant gyrB is used to 
select for transformants of Halobacterium species.
Pseudomonic acid is a cell growth inhibitor that
inhibits the enzyme isoleucyl tRNA synthase (IleS).
A mutated Methanosarcina barkeri ileS gene was
selected and cloned into a shuttle vector, conferr-
ing resistance of various Methanosarcina spp. to
pseudomonic acid (Boccazzi et al., 2000). However,
the fact that pseudomonic acid is not commercially
available limits its use. Mutations in the 23S rRNA
of Halobacterium spp. confer resistance of this haloar-
chaeon to anisomycin and thiostrepton. However,
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these resistance markers were not further developed
as selectable markers.

Resistance to cell growth inhibitors by overexpression of
the target gene The best example of this system is the
resistance of Haloferax volcanii to mevinolin. Mevino-
lin and other compounds of the statin family inhibit
the enzyme 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, which is involved in
mevalonic acid biosynthesis (an essential precursor
for lipid biosynthesis in Archaea). A spontaneous
hmgA mutation was isolated in Hfx. volcanii that con-
ferred resistance to this inhibitor (Lam & Doolittle,
1989). It was found that this mutation is in the pro-
moter of the hmgA gene, and causes the overexpres-
sion of the gene (Lam & Doolittle, 1992). As in the
case of the novobiocin-resistance gene mentioned
above, the applicability of this mutated gene for Hfx.
volcanii is limited due to frequent homologous
recombination with the chromosomal gene. This
drawback can be alleviated by using markers from
distantly related species, such as the mevinolin-
resistant hmgA mutant allele from Haloarcula hispan-
ica (Wendoloski et al., 2001).

Resistance due to an alternative pathway An inter-
esting example of this mechanism is the trimetho-
prim resistance marker of Hfx. volcanii. Trimethoprim
is an efficient inhibitor of bacterial dihydrofolate
reductase (DHFR), an enzyme that catalyzes the last
step of the biosynthesis of the important C1 carrier
tetrahydrofolate. Among all Archaea so far exam-
ined, Hfx. volcanii is unique in being sensitive to
trimethoprim. This archaeon has two different bac-
terial type DHFRs, one that is highly expressed and
is very sensitive to trimethoprim, and another that is
not expressed under physiological conditions and is
resistant to this drug (Ortenberg et al., 2000). Other
Archaea either have an alternative pathway for
tetrahydrofolate synthesis (Levin et al., 2004) or use
other C1 carriers instead of tetrahydrofolate. It was
possible to use the trimethoprim-resistant Hfx. vol-
canii hdrA gene as a selectable marker for Hfx. volcanii
(Ortenberg et al., 2000).

Auxotrophic selectable markers

Since most bacterial antibiotics are ineffective in
eukaryotic cells, yeast geneticists have adopted the
“auxotrophic approach,” where genes that are

involved in amino acid biosynthesis and other 
metabolic pathways are used to complement easily
obtainable deletion mutations of these genes. This
powerful methodology is becoming increasingly
popular in archaeal genetics. The most straightfor-
ward approach for the development of metabolic
selectable markers is to select first for uracil aux-
otrophs by growing the cells in the presence of the
uracil analogue 5-fluoroorotic acid (5-FOA). This
compound inhibits the growth of cells that can
produce uracil. On the other hand, cells that are
mutated in either the gene encoding for orotate
phosphoribosyl transferase (pyrE) or orotidin-5′-
phosphate decarboxylase (pyrF) are auxotrophic for
uracil, and therefore resistant to 5-FOA. These aux-
otrophic mutations can be complemented by cloned
wild-type pyrE or pyrF genes from a heterologous
organism to avoid homologous recombination, or
from the same organism after deleting the corre-
sponding genes by a method that is described in
detail below. This approach was applied successfully
in the construction of selectable makers for Halobac-
terium spp. (Peck et al., 2000), Hfx. volcanii (Bitan-
Banin et al., 2003), S. solfataricus (Jonuscheit et al.,
2003), Thermococcus kodakaraensis (Sato et al., 2003),
and P. abyssi (Watrin et al., 1999). Thymidine, tryp-
tophan, and leucine auxotrophs were created in Hfx.
volcanii and could be complemented by the hdrB,
trpA, and leuB respectively (Allers et al., 2004).
Proline auxotrophs were created in M. acetivorans and
could be complemented by the E. coli proC gene
(Pritchett et al., 2004), and trpE and hisD mutants
were created in T. kodakaraensis (Sato et al., 2005).
Of the above markers, thymidine, tryptophan, and
uracil auxotrophs are particularly useful, as thymi-
dine is absent from some commercial yeast extracts,
and tryptophan and uracil are absent from commer-
cial casamino acids. The principle drawback with
auxotrophic markers is that they cannot be devel-
oped easily in obligatory autotrophs, which include
most methanogens.

Vectors

Following the description of transformation proto-
cols and selectable markers, it remains to describe the
vectors that are available for archaeal molecular
genetics. As a complete list of plasmids is available in
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the Supplementary Online Table of Allers and
Mevarech (2005), we describe here only a few 
key examples. All of these vectors are based on 
E. coli plasmids, in order that all the cloning can be
carried out in this bacterium, before the construct is
introduced into the corresponding archaeon. 
Two strategies have been used for the construction
of archaeal vectors: (i) construction of shuttle
vectors, by cloning indigenous archaeal replicons
into E. coli plasmids and introducing selectable
genetic markers; (ii) construction of integrative plas-
mids, consisting of E. coli plasmids with a selectable
genetic marker only, which in the absence of an
archaeal replicon must integrate into the host 
chromosome by homologous or site-specific 
recombination.

Shuttle vectors

Most, but not all, shuttle vectors use origins of repli-
cation taken from indigenous archaeal plasmids. For
example, a series of shuttle vectors were constructed
for the halophilic archaeon Hfx. volcanii, using the
replication origin of pHV2, a naturally occurring 6.4
kb Hfx. volcanii plasmid. In order to avoid incompat-
ibility problems, Hfx. volcanii was cured of pHV2,
either by incubating cells with ethidium bromide to
generate the widely used WFD11 strain (Charlebois
et al., 1987) or by chasing out pHV2 with a selectable
plasmid using the same origin of replication, to gen-
erate the DS70 strain (Wendoloski et al., 2001). The
first shuttle vector of this series is pWL102, which
confers resistance to mevinolin (Lam & Doolittle,
1989). However, this plasmid-borne mevinolin
resistance marker is unstable due to frequent homol-
ogous recombination with the chromosomal hmg
gene, as the two sequences are virtually identical. A
more stable mevinolin-resistance marker has there-
fore been isolated from Haloarcula hispanica (Wen-
doloski et al., 2001). More recently, a series of vectors
were constructed that contain the metabolic selec-
table markers pyrE, leuB, trpA, or hdrB; these 
plasmids can be selected by complementing the cor-
responding auxotrophic deletion mutants, which
cannot grow in the absence of uracil, leucine, tryp-
tophan, or thymidine, respectively (Allers et al.,
2004). Another Haloferax replicon is derived from the
plasmid pHK2 (Holmes & Dyall-Smith, 1990), and
has been used to construct a series of shuttle vectors

carrying the novobiocin-resistance marker (Holmes
et al., 1991, 1994). Interestingly, plasmids that are
based on pHV2 fail to replicate in recombination-
deficient radA mutants of Hfx. volcanii, but pHK2-
based replicons do not have this problem (Woods et
al., 1997; Woods & Dyall-Smith, 1997). pHV2-based
plasmids can also replicate in Halobacterium spp., but
they are not very stable in this halophilic archaeon.
Therefore, alternative shuttle vectors have been
derived from the Halobacterium plasmid pHH1
(Blaseio & Pfeifer, 1990).

Shuttle vectors for methanogens are less common.
A series of shuttle vectors were constructed for
Methanosarcina spp., using the replicon of the natu-
rally occurring plasmid pC2A of Methanosarcina 
acetivorans and the E. coli plasmid R6K; the latter
replicon permits manipulation of the copy number
by choice of an appropriate E. coli host strain. These
shuttle vectors carry the puromycin-resistance gene
pac and provide some useful features, such as blue-
white screening for recombinant clones and an
assortment of polylinkers (Metcalf et al., 1997).
Shuttle vectors for Methanococcus maripaludis have
been derived from the cryptic plasmid pURB500 of
M. maripaludis C5 (Tumbula et al., 1997). For
example, plasmid pDLT44 is composed of the
pURB500 Methanococcus replicon and the E. coli pUC
replicon, and contains the ampicillin resistance gene
bla for selection in E. coli and the puromycin resist-
ance gene pac for selection in Methanosarcina. Other
vectors featuring a gene expression cassette for M.
maripaludis and a lacZ gene for blue-white screening
in E. coli of recombinant clones have since been con-
structed (Gardner & Whitman, 1999).

Shuttle vectors for hyperthermophilic Archaea
have been constructed using the replicon of the
cryptic pGT5 plasmid from Pyrococcus abyssi. For
instance, the pAG21 shuttle vector is based on the E.
coli pBR322 plasmid, and contains the Pyrococcus
pGT5 replicon and the S. solfataricus adh gene. The
latter encodes for alcohol dehydrogenase, and has
been used to select for transformants in liquid media
containing butanol or benzyl alcohol (Aravalli &
Garrett, 1997). Since alcohol-resistant recombinants
cannot be selected on plates, the pYS2 vector was
constructed (Lucas et al., 2002), which uses the pGT5
replicon and the S. acidocaldarius pyrE gene as a selec-
table genetic marker. A mutant strain of P. abyssi
GE9 (which is devoid of pGT5) was isolated that
requires uracil for growth, thereby allowing pYS2
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transformants to be selected on minimal plates
without uracil.

Unlike the vectors described above, which rely on
replication origins derived from indigenous plasmids,
several shuttle vectors have been constructed using
the autonomously replicating sequence of the S. sol-
fataricus virus particle SSV1. The plasmid pEXSs was
constructed by cloning the 1700bp viral region con-
taining the putative origin sequence for viral repli-
cation into the E. coli pGEM5Zf(-) plasmid, together
with a temperature-resistant mutant E. coli hph gene
that confers resistance to hygromycin (Cannio et al.,
1998). It was found that this plasmid could be stably
maintained in the cell without integrating into the
chromosome. Exposing the cells to UV light or to
mitomycin C has been reported to increase the copy
number of the plasmid.

Integrating plasmids

Integrating plasmids circumvent the need for an
autonomous origin of replication in order to be
maintained in archaeal cells, and instead rely on
their ability to integrate into the chromosome by
homologous recombination. These plasmids are very
useful for Archaea that lack indigenous plasmids, or
where indigenous plasmids cannot be modified to
accommodate the bacterial replicon and the selection
marker. Integrating plasmids are often used in 
gene knockout protocols (see the section on reverse
genetics), but were popular at the beginning of the
archaeal molecular genetic era as a means to clone
and maintain foreign genes in Archaea. One of the
first integrating plasmids was the pMip1 plasmid for
M. voltae (Gernhardt et al., 1990), and was based on
the E. coli plasmid pUC18, into which the puromycin
resistance gene pac and the M. voltae hisA genes were
cloned. The purpose of the hisA gene was to enable
integration of the plasmid on the M. voltae chromo-
some by means of homologous recombination.

Integrating plasmids are useful only in strains
where homologous recombination is efficient. An
elegant solution has been found for S. solfataricus P1
and P2 isolates that appear to lack homologous
recombination. In these strains, vectors based on 
the SSV1 virus have been used to integrate into 
the chromosome by site-specific recombination. One
such plasmid is pSSV64, which is made of the entire
SSV1 DNA cloned into pUC18 for propagation in 

E. coli, and the pyrEF genes as selectable genetic
markers that complement pyrimidine auxotrophic
mutants (Jonuscheit et al., 2003). An intriguing
feature of the SSV1-derived vectors is that 
they spread efficiently in cultures without lysis of 
the cells, thus eliminating the need for efficient
transformation.

Reverse genetics

As more and more archaeal genome sequences
become available, site-specific chromosomal muta-
genesis, or reverse genetics, becomes increasingly
popular. The various strategies for directed chromo-
somal mutagenesis are presented in Fig. 11.1. The
simplest strategy is a direct replacement of a gene
with a selectable marker, by recombination between
a linear DNA fragment, which comprises the selec-
table marker flanked by DNA fragments from the
upstream and downstream regions of the gene, and
the chromosomal target (Fig. 11.1a). This strategy is
widely used in yeast genetics, where linear DNA
fragments introduced by transformation are rela-
tively stable. Owing to the lack of knowledge about
the stability of linear DNA fragments in various
Archaea, this method has been used only rarely (Sato
et al., 2005). Since the number of useful selectable
markers for Archaea is very limited, this method has
the disadvantage that the selectable marker cannot
be reused. Furthermore, direct replacement of genes
with a selectable marker is not possible where the
gene is essential.

In order to overcome these disadvantages, it is
possible to use the “pop-in/pop-out” strategy (Fig.
11.1b). In this strategy, the upstream and down-
stream flanking regions of the gene to be deleted are
PCR amplified and cloned together into a “suicide
plasmid,” which carries a selectable genetic marker
but cannot be autonomously replicated in the target
organism. The plasmid is introduced into the cells
and transformants, in which the plasmid has been
integrated into the chromosome by homologous
recombination, are selected. Upon relieving the
selection pressure, spontaneous intrachromosomal
homologous recombination will lead to excision of
the integrated plasmid; this leaves behind either 
the wild-type allele or the deletion allele. The 
“pop-in/pop-out” method was used successfully in
Hfx. volcanii to delete the two dihydrofolate genes 
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and the thymidylate synthase gene (Ortenberg et al.,
2000).

In order to facilitate the excision of the integrated
plasmid, it is possible to use counter-selectable
genetic markers. The most popular counter-
selectable markers are the pyrE or pyrF genes
involved in uracil biosynthesis. Uracil auxotrophs are
resistant to 5-fluoroorotic acid (5-FOA), owing to
their inability to convert 5-FOA to the toxic analogue
5-fluoro-UMP, whereas uracil prototrophs are
usually sensitive to this compound. The “pop-
in/pop-out” strategy (Fig. 11.1b) is carried out in a
ura− strain, using a “suicide plasmid” that carries the
complementing pyrE or pyrF gene and the flanking
sequences of the gene to be deleted. Transformants
in which the plasmid has been integrated into the

chromosome are selected on plates that are deficient
in uracil (such as casamino acid plates). Intramolec-
ular recombinants that have lost the plasmid are
then counter-selected by growing the cells on plates
containing 5-FOA (and a small amount of uracil).
The counter-selectable “pop-in/pop-out” method has
enabled the establishment of gene-knockout systems
in Halobacterium spp. (Peck et al., 2000; Wang et al.,
2004), Hfx volcanii (Bitan-Banin et al., 2003), and 
T. kodakaraensis (Sato et al., 2003, 2005). A slightly
modified version of this method, in which the gene
to be knocked out is replaced by a selectable marker,
enables direct selection of the deletion allele (Allers
et al., 2004) (Fig. 11.1c).

An alternative counter-selectable gene that works
for some Archaea, such as M. maripaludis (Moore &

Wild-type Deletion mutant

OR

(b)

Deletion mutant

Ura+ Trp+

5-FOAR Trp+

trp

trp

trp

(c)ura

ura

ura

ura

ura

ura

Dura DtrpDura

Ura+

5-FOAR

∆

Trp+

Deletion mutant

trp

Dtrp

trp

(a)

Fig. 11.1 Gene knockout methods for archaeal genetics. (a) Direct replacement of the gene with a selectable
marker (gene for tryptophan biosynthesis shown here). Linear DNA, where the marker is flanked by upstream
and downstream regions of the gene, is used to recombine with the chromosome. (b) Pop-in/pop-out method,
which uses circular DNA to recombine with the chromosome. A plasmid carrying a gene deletion construct
(comprising the upstream and downstream regions of the gene), and a selectable marker for uracil biosynthesis,
is allowed to integrate at the wild-type locus by recombination. The plasmid is then allowed to excise by
intrachromosomal recombination, resulting in either a wild-type cell or a deletion mutant. These can be 
selected on 5-flouroorotic acid (5-FOA) media, which is toxic to cells containing the uracil biosynthesis marker.
(c) Variant of the pop-in/pop-out method, where the gene is replaced with a selectable marker (here tryptophan,
as in a). This allows the direct selection of deletion mutants (as opposed to wild-type cells) in the final step, as
only the former will be 5-FOA-resistant and able to grow without added tryptophan.
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Leigh, 2005), is the hpt gene that encodes for hypox-
anthine phosphoribosyl transferase. The wild-type
allele of this gene confers sensitivity to the base ana-
logue 8-azahypoxanthine. This gene was used to
knock out the genes encoding for alanine dehydro-
genase, alanine racemase, and alanine permease in
this archaeon. However, unlike the “pop-in/pop-
out” methods using the pyrE or pyrF genes, gene
knockout with the hpt gene requires an additional
marker for positive selection of plasmid integration.

Additional recombinant DNA tools for
archaeal genetics

To complete the arsenal of molecular genetic tools
available for Archaea, we should consider two useful
tools: (i) reporter genes, which are used to study the
structure of regulatory elements that control gene
expression; (ii) high-level expression systems that
enable the production of recombinant proteins in the
different archaeal cells, and controllable promoters
that enable the expression or repression of genes at
will.

Reporter genes

Reporter genes encode products that can be easily
detected and quantitatively assayed. These genes are
used to measure the strength of promoters and to
analyze the different elements that control gene
expression. The most familiar reporter gene is the
lacZ gene of E. coli, which encodes the enzyme β-
galactosidase. The activity of this enzyme can be
easily assayed in vitro, and its expression in vivo can
be detected by including in the medium the chro-
mogenic substrate 5-bromo-4-chloro-3-indoyl-β-D-
galactopyranoside (X-gal). In the presence of
β-galactosidase, X-gal is converted into an insoluble
blue dye that colors the colonies of the lacZ+ cells. The
E. coli lacZ gene can be used directly in mesophilic
methanogens, as was demonstrated for M. mari-
paludis (Cohen-Kupiec et al., 1997) and M. acetivorans
(Apolinario et al., 2005). Similarly, the E. coli uidA
gene encoding β-glucuronidase has been used 
in M. voltae (Beneke et al., 1995) and M. acetivorans
(Pritchett et al., 2004), and the Bacillus subtilis treA
gene encoding for trehalase was used to monitor

gene expression in M. voltae (Sniezko et al., 1998).
Since E. coli enzymes are not active in the high salt
concentrations existing in halophilic Archaea, and at
the high temperatures necessary for growth of
hyperthermophilic Archaea, analogous genes have
to be isolated that can function under these extreme
conditions.

The bgaH gene, which encodes for a halophilic β-
galactosidase, was isolated from Haloferax alicantei
(Holmes & Dyall-Smith, 2000) and was used to
monitor gene expression in the halophilic Archaea
Halobacterium salinarum (Patenge et al., 2000) and
Haloferax volcanii (Gregor & Pfeifer, 2001). Similarly,
the S. solfataricus lacS was used to monitor 
β-galactosidase activity in a mutant strain of S. solfa-
taricus (Jonuscheit et al., 2003), where the chromo-
somal lacS is inactivated due to an insertion element
(Schleper et al., 1994). Recently, a modified deriva-
tive of GFP (Green Fluorescent Protein) was devel-
oped that is soluble and active in the hypersaline
cytosol of the halophilic archaeon Hfx. volcanii
(Reuter & Maupin-Furlow, 2004).

High expression system and 
controllable promoters

Studies of protein structure and function require the
production of substantial amounts of native proteins.
The expression of archaeal proteins in heterologous
bacterial systems is not always trivial. First, many
Archaea are extremophiles that grow at tempera-
tures, salt concentrations, and O2 partial pressures
that are very different from those that exist in bac-
teria. The intracellular environment in bacteria may
affect the proper folding of the proteins and their 
susceptibility to oxygen. Second, when expressed in
the native organism, proteins can be isolated that 
are complexed with cofactors or other proteins not
found in Bacteria. It is therefore advantageous to
express archaeal proteins in their native hosts, if pos-
sible, or in closely related hosts when no expression
system is available for the native host. In a high
expression vector, the gene to be expressed is put
under the control of a strong (preferably control-
lable) promoter.

An expression vector for M. maripaludis was con-
structed by combining the M. voltae histone promoter
with multiple cloning sites, in either an integrative

GAR11  9/15/06  3:45 PM  Page 135



136 CHAPTER 11

vector or a shuttle vector (Gardner & Whitman,
1999). Similarly, the Hbt. salinarum P2 promoter of
the rRNA operon enabled the construction of haloar-
chaeal expression vectors (Jolley et al., 1996; 
Kaczowka et al., 2005). Recently, high-level expres-
sion vectors were constructed for the hyperther-
mophilic archaeon S. solfataricus (Albers et al., 2006).
The expression of genes cloned in these vectors is
controlled either by the heat-inducible promoter of
the major chaperonin TF55 or by the arabinose-
inducible promoter of the arabinose-binding protein
AraS of S. solfataricus. These vectors have enabled the
high-level production of homologous and heterolo-
gous proteins, and of soluble as well as membrane-
bound proteins. This arabinose-induced promoter is,
so far, the only archaeal controllable promoter whose
inducer has been identified.

Summary

As we have shown above, archaeal genetics is no
longer in its infancy. By now, many of the techniques
are in place for relatively sophisticated experiments.
However, compared to the tools available for E. coli
or yeast, archaeal genetics is still a blunt instrument.
More work needs to be done, and efforts should be
focused where they are most likely to benefit the
greatest number of researchers.

The most significant limitation of reverse genetics,
where a known gene is deleted and the resultant
phenotype is analyzed, is in the study of essential
genes. With traditional methods of chemical muta-

genesis, it is possible to generate temperature-
sensitive or hypomorphic point mutations (where
the gene product is not completely inactivated).
However, isolating such mutants requires laborious
screening, and it seems that today’s scientists 
have lost the appetite for this style of research. We
should therefore follow the lead of eukaryotic
geneticists, who have exploited RNA interference
(RNAi) to the full. While RNAi is unlikely to work
in Archaea (the requisite RNase III-like enzyme Dicer
is not present), the potential exists to use the related
technique of antisense RNA, where translation is
blocked by formation of an RNA duplex. Evidence is
accumulating from studies of non-coding RNAs,
which suggests that this method of gene regulation
is common in Archaea (see Chapter 20 in this
volume). By harnessing antisense sequences to
inducible/repressible promoters, it should be possible
to create a transient inactivation of even the most
essential gene.

Finally, it would be prudent to consider the early
days of bacterial genetics, in particular the contribu-
tions made by studies on bacteriophages. The list of
genetic tools that emerged directly from work carried
out by phage geneticists is impressive – transduction,
site-specific recombination, and strong promoters
(such as those found in common gene expression
vectors) are just some of techniques still in use today.
The study of viruses that can infect (and better still
lysogenize) archaeal hosts such as those discussed
here will lead to the development of better genetics
tools, and to a deeper understanding of the third
domain of life.
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Microbiology of the genus Sulfolobus

In 1972, Thomas Brock and co-workers described a novel prokaryote cultured from acidic hot springs in Yel-
lowstone National Park (USA) and similar geothermal sites around the world. Their various isolates shared
an array of unusual properties, including a “lobate” cell morphology, optimal growth at extremely high tem-
perature and low pH, and a proteinaceous cell wall (Brock et al., 1972). One of these isolates, “98-3,” was
deposited in culture collections as the type strain of the new species Sulfolobus acidocaldarius. This species was
later identified as one of the Archaea, and was joined in later years by other thermoacidophiles (see Chapter
4 in this volume), including S. solfataricus, described by Zillig and co-workers (Zillig et al., 1980), S. tokodaii,
described by Oshima and co-workers (Suzuki et al., 2002), and others documented by the groups of K. O.
Stetter and others. The practical advantages of their heterotrophic, aerobic growth made Sulfolobus species
popular experimental subjects for molecular, biochemical, evolutionary, and genetic studies on Archaea.

As is true for any microorganism, the genetics of Sulfolobus species relate closely to their cellular and 
metabolic properties. All Sulfolobus spp. are obligate aerobes and utilize a number of carbon sources for het-
erotrophic growth; many can grow on synthetic media with single carbon and nitrogen sources, thus enabling
the identification and analysis of auxotrophic mutants. The cells also withstand considerable osmotic stress
at room temperature, which enables diverse transformation methods and other experimental treatments to
be applied. Sulfolobus cells are completely covered by a highly ordered, stable layer of glycoprotein subunits
held out from the cytoplasmic membrane by thin “spacer elements” (Baumeister et al., 1989). This “subunit
cell wall,” or “S-layer,” appears to mediate occasional cell–cell attachments seen in electron micrographs of
S. acidocaldarius (Fig. 12.1). Polar lipids of the S. acidocaldarius cytoplasmic membrane have two C40 isoprenoid
chains linked to glycerol at one end and a nine-carbon backbone at the other end (Sugai et al., 1995). The
membrane contains additional glycoproteins and a sophisticated energy-conserving system, documented in
considerable detail by Günter Schäfer and co-workers.

In S. acidocaldarius, cell division is followed almost immediately by chromosome replication, so that most
cells in a population contain two complete copies of the chromosome (Bernander & Poplawski, 1997). A
variety of transient stresses cause S. acidocaldarius cells to arrest in this “G2” phase, and release from this arrest
can be used to synchronize cultures (Hjort & Bernander, 2001). Measurements of gene abundance in growing
cultures have revealed that the S. acidocaldarius and S. solfataricus chromosomes replicate by simultaneous ini-
tiation at three widely separated origins of replication (Lundgren et al., 2004). The S. acidocaldarius cytoplasm
contains several small, basic, and abundant DNA-binding proteins, which stabilize the duplex DNA against
strand separation at the extremely high growth temperature. These proteins include Sac7d, which binds
dsDNA and induces sharp bending (Robinson et al., 1998), and Sac10b, whose S. solfataricus homolog Sso10b
(“alba”) is reversibly acetylated in vivo, which modulates its DNA-binding affinity (Bell et al., 2002).

12
Genetic properties of Sulfolobus 

acidocaldarius and related Archaea

Dennis W. Grogan
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Native genetic properties of 
S. acidocaldarius

The restriction-modification (R-M) system of S. 
acidocaldarius, SuaI, was reported in 1985 by
Prangishvili et al., and remains one of the few R-M
systems of Archaea to be analyzed in functional
terms. The SuaI endonuclease cleaves the tetra-
nucleotide GGCC, and the only effective protection
against cleavage so far identified is N4-methylation of
the first C (Grogan, 2003). Based on its chemical
properties, this modification should be less muta-
genic than C5 methylation, and the threat of muta-
tion is further decreased by underrepresentation of
the SuaI recognition sequence in the S. acidocaldarius
genome (Chen et al., 2005).

Another distinctive genetic property of S. acidocal-
darius is the ability to transfer chromosomal DNA by

a process of conjugation. The first evidence of this
phenomenon was reported by Aagaard et al. (1995),
who electroporated a self-splicing intron from the
23S tRNA of another hyperthermophilic archaeon,
Desulfurococcus mobilis, into various Sulfolobus spp. In
the case of S. acidocaldarius, the intron spread rapidly
throughout the culture, and was found to have
transferred from the original recipient into a differ-
ent, co-cultured strain (Aagaard et al., 1995). At
about the same time, attempts to differentiate
between S. acidocaldarius auxotrophs by cross-
streaking detected the spontaneous formation of 
prototrophic colonies from mixtures of stable aux-
otrophs. This was confirmed to reflect a mode of
genetic exchange and recombination that required
cell–cell contact and was resistant to DNase (Grogan,
1996; Ghane & Grogan, 1998).

This mode of genetic exchange provides a poten-
tially interesting comparison to two other examples
of conjugation in Archaea: chromosomal exchange
in the halophile Haloferax volcanii, and transfer of
certain plasmids among other Sulfolobus species. Con-
jugation in H. volcanii (described in detail in Chapter
11 in this volume) involves the transfer of chromo-
somal markers between two strains, but the two
strains appear to contribute equally to the exchange,
in the sense that neither is specialized to serve as the
sole donor or recipient. In contrast, the conjugal plas-
mids that have so far been found in isolates of S. sol-
fataricus and “S. islandicus” transmit themselves from
their initial host to a plasmid-free recipient species.
This transfer is documented experimentally by liquid
co-culture, followed by extensive growth of the
recipient and recovery of the plasmid in association
with its genomic DNA (Schleper et al., 1995). This
phenomenon thus appears to be analogous to bacte-
rial conjugation, in the sense that it is initiated
between a plasmid-containing donor and a plasmid-
free recipient. Comparative sequence analysis 
suggests, however, that the Sulfolobus conjugative
plasmids have a simpler transmission mechanism
than seen in most conjugative plasmids of bacteria
(Greve et al., 2004). Whereas interspecific conjuga-
tion promoted by pNOB8 is accompanied by forma-
tion of mixed cell clusters (Schleper et al., 1995),
recombinant frequencies from S. acidocaldarius
matings are too low (typically less than 10−4) to make
microscopic measurements meaningful. However,
the genetic selections available in S. acidocaldarius
enable various manipulations to be evaluated for

(a)

(b)

(c)

(d)

Fig. 12.1 Structural features of S. acidocaldarius cells.
Cells were fixed, embedded, stained with uranyl
acetate, and sectioned; area shown is about 1.5×
1.5µm. Features indicated: (a) cytoplasmic membrane;
(b) region of glycoprotein cell wall (S-layer) sectioned
in-plane, showing the hexagonal symmetry of its
periodic structure; (c) lateral section of cell envelope,
showing the thin, regular spacer elements and the
constant distance between glycoprotein layer and cell
membrane; (d) area in which two cells have become
associated.
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their effects on conjugation. Data from this approach
indicate that conjugation can initiate rapidly 
upon cell mixing and can occur efficiently in liquid
medium, i.e. without stabilization of cell–cell contact
by adsorption to a surface (Ghane & Grogan, 1998).
More rigorous investigation of the transfer 
mechanism awaits efficient, nonlethal methods of
interrupting the transfer process and blocking 
reinitiation.

Another question that warrants further study is
the relationship between the system that transfers
chromosomal DNA between S. acidocaldarius cells and
the systems that transfer conjugal plasmids in other
Sulfolobus species. The generation of prototrophic
recombinants from S. acidocaldarius pyr mutants has
not been observed with pyr mutants of S. solfataricus
and “S. islandicus,” reinforcing the idea that the S. aci-
docaldarius mode of transfer is not common among
Sulfolobus species. However, homologs of genes on
conjugal Sulfolobus plasmids have been documented
in the S. acidocaldarius genome, raising the possibility
that these genes mobilize the chromosome (Chen et
al., 2005), in analogy to Hfr conjugation. It may be
possible to test this explanation by similar evaluation
of S. tokodaii, since at least one pNOB8-related
plasmid has been detected in this species’s genome
(Kawarabayasi et al., 2001), making it analogous to
the situation in S. acidocaldarius. Also, if appropriate
mutagenesis techniques can be applied to S. acidocal-
darius, it may be possible to disrupt the putative
transfer genes found in its genome and determine
whether this yields a “sterile” phenotype.

In the meantime, genetic properties suggest that
much of the S. acidocaldarius chromosome can be
transmitted between strains, and that much of the
donor DNA is ultimately incorporated into the recip-
ient as small fragments. This hypothesis is prompted
by several experimental observations: (i) phenotyp-
ically diverse markers, which could represent up to
ten different regions of the chromosome, were trans-
mitted at reasonable frequencies by conjugation, and
no marker was found that did not transfer (Grogan,
1996); (ii) unselected markers exhibited negligible
genetic linkage to selected markers, even when sep-
arated by only 500–600bp (Hansen et al., 2005); and
(iii) when one parental strain was forced to serve as
the recipient by irradiating the other parental strain
with lethal doses of gamma radiation, the yield of
recombinants was very low if the recipient’s marker
was a large deletion mutation rather than a point

mutation. Since this last effect was not evident in
standard (symmetrical) matings and could not be
attributed to fragmentation of the donor chromo-
some, it argued that a large proportion of the 
DNA segments yielding recombinants under these
conditions were less than about 400bp long (Hansen
et al., 2005).

Whereas S. acidocaldarius has restriction and DNA
transfer systems not evident in other Sulfolobus
species, it also lacks some capabilities that other
species exhibit. For example, S. acidocaldarius appar-
ently fails to propagate the diverse viruses and plas-
mids that have been recovered from other Sulfolobus
spp. (Schleper et al., 1995; Zillig et al., 1996). In the
case of the small, multicopy plasmids pRN1 and
pRN2, this cannot be attributed to restriction by SuaI,
because these plasmids lack the GGCC recognition
site. Perhaps more striking is S. acidocaldarius’s appar-
ent lack of functional insertion sequences, which 
are otherwise abundant in Bacteria and Archaea.
Although S. solfataricus and “S. islandicus” have been
shown by various criteria to contain a diversity of
transpositionally active ISs, the few intact ISs in the
S. acidocaldarius genome detected by sequence analy-
sis are not thought to be active (Chen et al., 2005),
and none have been observed to cause mutation in
a sensitive assay (described below).

Molecular-genetic properties

Culture media containing uracil plus 5-fluoro-orotic
acid (FOA) select Sulfolobus mutants lacking either of
the last two enzymatic steps of de novo pyrimidine
biosynthesis. In the absence of reliable antibiotic
selections for Sulfolobus genetics, the FOA selection
provides two important capabilities. First, because
resistance results from loss of enzyme function, the
selection recovers the widest range of mutations pos-
sible. Second, the auxotrophic mutants selected by
FOA provide a reverse selection for genetic events
that restore growth in the absence of uracil. This
reversibility is not shared by most resistance pheno-
types, and allows the corresponding Sulfolobus genes
(designated pyrE and pyrF) to be restored for subse-
quent rounds of selection.

Combined with appropriate controls, the FOA
selection has shown that the S. acidocaldarius pyrE and
pyrF genes are replicated with a maximum error rate
of about 7.8×10−10 bp during exponential growth
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(Grogan et al., 2001). The corresponding genomic
error rate, about 0.0018 mutational events per
genome replication, falls slightly below the remark-
ably tightly clustered values from diverse microbial
DNA genomes, which span a 104-fold range of size
and error rate per bp (Table 12.1). This result is sig-
nificant in at least two respects: (i) it corroborates that
a basic evolutionary force selects this approximate
level of accuracy as optimal for all microbial genomes
(Drake et al., 1998), regardless of environmental
growth conditions; and (ii) it implies that S. acidocal-
darius successfully compensates for the increased
rates of depurination, deamination, and other spon-
taneous decomposition reactions expected at its
intracellular temperatures and pH values. In fact, the
S. acidocaldarius genomic mutation rate, which was
calculated so as to avoid underestimation, is the
lowest that has been measured for any microbial
genome, despite the fact that this archaeon’s optimal
growth conditions rapidly kill the other microorgan-
isms used for comparison. There is no firm evidence
that other Sulfolobus species do not have similar accu-
racies of DNA replication, although this remains dif-
ficult to show experimentally, because frequent IS
transposition dominates the mutational spectra of
some other species and elevates the forward muta-
tion rate above that seen in S. acidocaldarius (Mar-
tusewitsch et al., 2000; Blount & Grogan, 2005).

The ability to achieve such accurate replication
under harsh conditions gives S. acidocaldarius and
other Sulfolobus species special significance for under-

standing molecular mechanisms of mutation avoid-
ance. In this context, the observation that the
genomes of these and other hyperthermophilic
Archaea lack important DNA repair genes remains
especially perplexing (see Chapter 15 in this
volume). Although hyperthermophilic Archaea may
protect their DNA passively (through association
with small, basic, proteins, for example) the poten-
tial for this strategy to replace active DNA repair
seems limited. For example, (i) several other
prokaryotic lineages encode such DNA-binding pro-
teins but have not abandoned conventional MMR
and NER pathways (White, 2003; Grogan, 2004); 
(ii) some of the most effective protection proteins,
which occur in bacterial spores, decrease the rate of
spontaneous decomposition only about 20-fold,
compared to the approximately 1000-fold increase
predicted in Sulfolobus cells; and (iii) the spore pro-
teins impede vegetative growth and are normally
destroyed early in the process of germination.

While quantitative fluctuation tests measure the
accuracy of genome replication, sequencing of ran-
domly chosen mutants documents the “mutational
spectrum,” which reveals the kinds of errors that
escape the cell’s accuracy-enforcing mechanisms. The
available data (Grogan et al., 2001) allow S. acidocal-
darius to be compared to model bacterial and eukary-
otic systems in molecular terms. As shown in Table
12.2, the mutational spectrum of S. acidocaldarius
resembles that of E. coli in being dominated by
frameshift mutations. However, the E. coli frameshift
affects a single block of four base pairs whereas the S.
acidocaldarius frameshifts are primarily −1 events in
mononucleotide runs throughout the target genes.
The pattern in S. acidocaldarius is reminiscent of bac-
terial and yeast mutants deficient in DNA mismatch
repair (MMR), thereby raising questions about the
MMR capabilities of S. acidocaldarius and other 
hyperthermophilic archaea (see Chapter 15 in this
volume). In contrast, the extremely low frequency of
larger deletions within the pyrE and pyrF genes, and
the absence of short direct repeats and inverted
repeats at the endpoints of the few deletions that
have been recovered, suggests that the dominant
mechanisms that promote deletion in other micro-
organisms do not operate effectively in S. acidocaldar-
ius (Grogan & Hansen, 2003). Finally, as mentioned
above, the absence of any IS-induced mutation cor-
roborates the sequence evidence that IS elements are
inactive in S. acidocaldarius (Chen et al., 2005).

Table 12.1 Spontaneous mutation rates in microbial
genomes.

Rate per Rate per 
Genome* base pair† genome†

phage M13 7.2 × 10−7 0.0046
phage λ 7.7 × 10−8 0.0038
phage T2, T4 2.4 × 10−8 0.0040
Sulfolobus acidocaldarius 7.8 × 10−10 0.0018
Escherichia coli 5.3 × 10−10 0.0025
Saccharomyces cerevisiae 2.2 × 10−10 0.0027
Neurospora crassa 7.2 × 10−11 0.0030

*See Grogan et al. (2001) and other references cited
therein; genomes are listed in order of increasing size.

†Rates are expressed as mutational events per
generation.
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Thus, the experimental data predict that the S. aci-
docaldarius genome should be among the most stable
with respect to the preservation of gene function and
order, not only of hyperthermophilic Archaea, but of
all microorganisms characterized so far. The different
rates for individual events further imply a charac-
teristic pattern for natural genetic variation in this
species. Specifically, the most frequent mutations
(frameshifts, base-pair substitutions, and tandem
duplications) tend to inactivate genes but can be
reversed by subsequent mutation. This reversibility,
combined with the low rate of mutational events
overall, implies a mode of genome evolution in S. aci-
docaldarius that could be described as “cautious” or
“tentative”; in this scheme, genes must escape selec-
tion for many generations before they become per-
manently inactivated (Grogan & Hansen, 2003).

This situation contrasts sharply with other Sul-
folobus spp., which exhibit active IS transposition
(Martusewitsch et al., 2000). For example, the S. sol-
fataricus P2 genome has the highest content of inser-
tion sequences of any archaeal or bacterial genome
yet reported. About 10% of this 2.99Mb genome
consists of small transposable elements, representing
at least ten families present in an average of 25 copies
each. The majority of the IS copies appear to be intact
(Brugger et al., 2002), and a number transpose

actively, as indicated by the frequency of sponta-
neous rearrangements detected in the course of
genome sequencing (She et al., 2001). The situation
also appears to apply to S. solfataricus strain P1 
(Martusewitsch et al., 2000) and a related species not
yet formally described, “Sulfolobus islandicus.” In par-
ticular, experimental data from “S. islandicus” indicate
that insertional inactivation of host genes by most
Sulfolobus ISs is permanent, i.e. not reversed by
precise excision events even when selection for
restoration of gene function is applied (Blount &
Grogan, 2005).

Homologous recombination

The conjugational mechanism of S. acidocaldarius so
far provides the only natural genetic system that
quantifies homologous recombination between
chromosomal DNA segments of hyperthermophilic
Archaea. It has been used to demonstrate that the
DNA transfer or recombination is enhanced by prior
UV-irradiation, and that this enhancement is coun-
tered by photo-reactivation or prolonged incubation
of cells in the dark at physiological temperatures
(Wood et al., 1997; Schmidt et al., 1999). These
observations suggest that UV photoproducts are 

Table 12.2 Comparison of spontaneous mutations in different microorganisms.

Sulfolobus acidocaldarius pyrE Escherichia coli lacI Saccharomyces cerevisiae URA3

Frameshift
+1 17.8 1.1 <2.9
−1 61.4 4.0 5.7
Block* 3.0 72.0 <2.9
Total frameshifts 82.2 77.1 5.7

Substitution
G:C to A :T 7.9 6.2 14.3
A:T to G :C 1.0 0.7 <2.9
Transversions 3.0 4.1 74.3
Total substitutions 11.9 11.0 88.6

Duplications 5.0 1.0 2.9
Deletions 1.0 9.9 2.9
TE insertions <1 1.1 <2.9

Data are percentages of independent, spontaneous mutants, representing 101 pyrE mutants (Grogan et al., 2001), 729
lacI mutants (Halliday & Glickman, 1991), and 35 URA3 mutants (Lee et al., 1988).

*Includes all mutations in which a short (3–5bp) repeating unit is added to, or subtracted from, a naturally occurring
repeated sequence; in the case of trinucleotide repeats, these do not change the reading frame.
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converted first into recombinogenic lesions that are
repaired by enzymatic processes in the dark (Schmidt
et al., 1999); this is consistent with the dark repair
of UV photoproducts detected biochemically in S. sol-
fataricus (Napoli et al., 2004).

Measurements of recombination frequencies fol-
lowing conjugation have also been used to investigate
the nature of the recombination process in S. acido-
caldarius. The classical (reciprocal) mode of homolo-
gous recombination in Bacteria and eukaryotes
follows a characteristic pattern of frequency versus
distance between markers, resulting in four regions
that could be termed “threshold,” “proportional,”
“transition,” and “plateau” (Fig. 12.2a). The thresh-
old region (I) reflects the mechanistic inefficiency of
generating a crossover between two markers (i.e.
mutations) that are extremely close together. It can
be defined in practice by extrapolating recombination
frequencies back to zero; the resulting x-intercept
approximates a “minimal efficient processing
segment,” or MEPS (Shen & Huang, 1986), below
which recombination is extremely inefficient, and
above which it increases in proportion to the addi-
tional increment of separation. At larger separations,
defining the “proportional” region (II), recombina-
tion is still relatively rare, so that the frequency of
recombinants increases in proportion to the effective
cross-section of the detector, i.e. the interval between
the two markers. At greater separations, however,
second crossovers between markers become increas-
ingly frequent, resulting in the region of transition
(III). Eventually, recombination between the two
markers becomes so frequent that the probabilities of
even and odd numbers of crossovers are about equal,
and further increases in separation have no signifi-
cant effect (IV). Reciprocal recombination in diverse
systems fits the pattern depicted in Fig. 12.2a, pro-
vided that allowances are made for different scaling
in different systems. For example, MEPSs observed 
in bacteriophage, bacteria, and eukaryotic cells are
about 40, 70, and 250bp, respectively, whereas the
midpoint of Region II corresponds roughly to 2, 20,
and 30kbp, respectively.

Using a number of pyr mutations that have been
mapped precisely by DNA sequencing, it has been
possible to analyze homologous recombination in the
S. acidocaldarius chromosome similarly as a function
of distance (Hansen et al., 2005). No statistical
support for an MEPS (Region I) was seen in the S.
acidocaldarius recombination data, and the region of

proportionality (Region II) extended to only about
50 base pairs, beyond which recombination
remained fairly constant as a function of marker sep-
aration (Fig. 12.2b). It should be emphasized that
this analysis focused on intragenic homologous
recombination events triggered by conjugation.
However, the fact that this unusual frequency-
versus-distance behavior was observed with over 50
combinations of mutations, and was not altered by
eightfold stimulation of recombination by prior UV
irradiation (Hansen et al., 2005), argues that it is a
robust property of homologous recombination in S.
acidocaldarius under these conditions.

Absence of an MEPS, high frequencies of recombi-
nation between closely spaced markers, and a relative
ineffectiveness of increasing separation beyond 50
base pairs are not characteristic of crossing over by
homologous recombination, as illustrated in Fig.
12.2a. These properties seem easier to reconcile with
non-reciprocal recombination mechanisms, in which
base-pairing allows relatively short patches of single-
stranded donor DNA simply to replace corresponding
ssDNA segments of the recipient molecule (Fig.
12.2c). Non-reciprocal recombination is more diffi-
cult to analyze in haploid microorganisms than 
classical crossing-over, but it underlies a variety of
genetic phenomena, including fine-structure map
expansion (also called localized negative inter-
ference) in bacteriophages, homogenotization in bac-
teria, and gene conversion in fungi. These
recombination mechanisms vary in their molecular
features, but they generally involve DNA repair reac-
tions. For example, fine-structure map expansion
begins with removal of G :T mispairs in a cognate
sequence by a specialized endonuclease, whereas
gene conversion involves repair of heteroduplex DNA
by MMR. The possible contribution of DNA repair
proteins provides an additional incentive to clarify the
molecular nature of the intragenic recombination
observed in S. acidocaldarius (Hansen et al., 2005). It
must also be emphasized, however, that the non-
reciprocal modes of homologous recombination
hypothesized for S. acidocaldarius exclude neither a
role for the RadA protein nor the operation of a con-
ventional, reciprocal mode of recombination in addi-
tion. For example, reciprocal recombination remains
the best explanation for the successful transfer of
marked genes to the chromosome of an S. solfataricus-
like isolate and Thermococcus kodakarensis using non-
replicating circular DNA constructs (Sato et al., 2003;
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(a)

(b)

(c)

Fig. 12.2 Reciprocal and non-reciprocal modes of recombination. (a) Idealized frequency versus distance curve
for reciprocal recombination when the length of DNA available for recombination is not limiting. The widths of
regions I–IV generally increase as shown, but have not been drawn to scale, and differ among different
organisms (see text for description). (b) Experimental data for S. acidocaldarius conjugation. Pairs of various pyrE
and pyrF mutants were mated; Pyr+ recombinants were enumerated by plating, and the resulting frequencies
plotted as a function of the distance separating the mutations in the two parental strains. Data are means (open
circles) and standard deviations (vertical bars) (Hansen et al., 2005). (c) Simplified depiction of the differences in
products of reciprocal (left) versus non-reciprocal (right) recombination events. Since many prokaryotic systems
use selections that detect only one recombination product (e.g. A+ B+), the mode of the recombination event is
often not established.

GAR12  9/15/06  3:46 PM  Page 143



144 CHAPTER 12

Worthington et al., 2003). It should also be noted that
another example of homologous recombination in S.
acidocaldarius has been observed in which linear DNAs
electroporated into S. acidocaldarius cells replace muta-
tions in the host chromosome, thereby creating a
selectable phenotype. This recombination seems rea-
sonably efficient, and occurs even when the sequence
homology flanking the selected marker is short
(Kurosawa & Grogan, 2005).

Areas for future study

Recent analysis and publication of the complete
genome sequence of S. acidocaldarius (Chen et al.,
2005) provides a new perspective on the basic
biology of this and other Sulfolobus spp. It has already
identified a number of sequence features that seem
relevant for the function and evolution of Sulfolobus
genomes (Chen et al., 2005), and will greatly facili-
tate the functional study of individual proteins and
genes. Methods to engineer specific changes in Sul-
folobus genomes promise to open up many important
questions of Sulfolobus biology to experimental
analysis for the first time.

Genome engineering by recombination

Over the past decade, a number of experienced
research groups have invested considerable effort
into constructing selectable plasmid vectors for 
propagating cloned DNA extrachromosomally in 
Sulfolobus species. Various successes have been pub-
lished but not reproduced, and the wider scientific
community remains unaware of the pitfalls of
plasmid cloning, which has worked so readily for
many Bacteria, in Sulfolobus species. Tools for genetic
analysis documented more recently involve the inte-
gration of circular, nonreplicating DNAs into the host
chromosome. For example, a selectable vector
derived from the virus SSV1 allows genes to be
cloned in vitro and integrated by site-specific recom-
bination at the viral attachment site (a tRNA gene)
in the chromosome of S. solfataricus strain P1
(Jonuscheit et al., 2003). This construct can be
selected via complementation of chromosomal pyr
mutations, and it can be scored via the β-glycosidase
encoded by the lacS gene included on the construct.
In another system, loci cloned in E. coli and disrupted

by the corresponding lacS gene of a related Sulfolobus
strain have been transferred to the chromosome by
homologous recombination (Worthington et al.,
2003). The host strain bears a spontaneous deletion
of lacS, allowing the cloned gene to provide a selec-
tion (growth on lactose), or visual scoring (colony
staining with X-gal). In this system, the gene of
interest is cloned into a bacterial plasmid and inter-
rupted by lacS; transformation of the ∆lacS host fol-
lowed by growth on lactose yields the desired
recombinants (Worthington et al., 2003).

In addition to providing a way to determine the
biological function of Sulfolobus genes, these tech-
niques should focus renewed attention on the 
mechanisms of recombination that occur in 
hyperthermophilic Archaea. For example, evidence 
is emerging that Sulfolobus strains may differ with
respect to their level of homologous recombination.
Whereas recombination between an SSV1 construct
and the S. solfataricus chromosome via pyrE and pyrF
sequences seems to be extremely rare (Jonuscheit 
et al., 2003), events of this type appear to be relatively
common in the strain used for in the lacS targeted
mutation method (Worthington et al., 2003). A third
situation may be represented by S. acidocaldarius, in
which homologous recombination seems frequent
and requires only short regions of sequence homol-
ogy (Hansen et al., 2005; Kurosawa & Grogan, 2005).

Mutational analysis of complex processes

Analysis in vitro of individual proteins of hyperther-
mophilic archaea continues at a steady pace, thanks
to published genome sequences, PCR, and efficient
expression of foreign genes in E. coli. Putting the
resulting biochemical information into the frame-
work of archaeal cell function, however, will even-
tually require genetic dissection of complex cellular
processes in vivo, such as chromosome replication
and partitioning. In addition, the enzymatic activities
of pure proteins identified in vitro may miss, or 
even obscure, unanticipated biological functions. It
must also be stressed that isolating the appropriate
mutants represents only the first part of a functional
analysis; determining the nature of the cellular defect
is equally important. The relative ease of cultivation
under a variety of experimental conditions, com-
bined with the various cellular and genetic processes
that can be assayed quantitatively in S. acidocaldarius
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and S. solfataricus, provides a strategic advantage for
these studies.

Certain classical genetic methods can be applied to
Sulfolobus species and have strategic value for investi-
gating complex cellular processes in archaea. For
example, chemical mutagenesis of S. acidocaldarius fol-
lowed by replica-plating has generated a number of
thermosensitive (Ts) mutants, which, to the author’s
knowledge, represent the only conditional-lethal
mutants of any Archaea that have been isolated. Fluo-
rescence microscopy and flow cytometry of cultures
shifted to the restrictive temperature identified several
mutants in which the cell-division cycle stopped, or
normal cellular structure degenerated, after the tem-
perature up-shift. One mutant, for example, contin-
ued to grow but failed to divide, such that large cells
formed which contained multiple, well-separated
nucleoids. In other mutants, nucleoid structure was
lost, such that the DNA appeared to expand to fill most
of the cell interior (Bernander et al., 2000). If methods
can be developed to identify the genes affected,
mutants like these may provide strategic insight into
the proteins that define cell structure in hyperther-
mophilic Archaea, and how the strategy of cell division
compares to the bacterial and eukaryotic strategies.

The question of DNA repair

At the time of writing, the experimental evidence for
and against the presence of DNA mismatch repair
(MMR) and nucleotide excision repair (NER) in Sul-
folobus spp. remains rather limited and remarkably
balanced (see also Chapter 15 in this volume). The
question of MMR and NER in hyperthermophilic
Archaea presents particularly interesting opportuni-
ties for Sulfolobus genetics, for at least two reasons.
First, the intrigue surrounding these two DNA repair
strategies in hyperthermophilic Archaea stems from
the fact that they may employ proteins that are fun-
damentally different from those known to operate in
Bacteria or eukaryotes. As a result, any such puta-
tive DNA repair protein will require functional 
confirmation in vivo, which will, in turn, require iso-
lation of the corresponding mutant and analysis of
its phenotype. Second, DNA repair has genetic con-
sequences. Its elucidation and manipulation in Sul-
folobus accordingly promises to enhance our
understanding and control of genetic processes in
these species, with corresponding benefits for study-
ing the molecular biology of hyperthermophilic
Archaea.
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Introduction

The information in DNA is linearly encoded, and genomic DNAs are therefore very long molecules that must
be compacted to fit within the confines of the prokaryotic nucleoid or eukaryotic nucleus. Many different
chromatin proteins (or nucleoid proteins) have evolved that now facilitate this process in Bacteria, Archaea,
and eukaryotes that must also prevent the DNA from collapsing into a gel in vivo, as would occur in vitro with
purified DNA in solution at the concentrations present in vivo. These proteins have unrelated structures 
but their convergent evolution for a common function has apparently resulted in common features, often
generically designated as “histone-like,” namely small size, positive charge, abundant and sequence-
independent DNA binding.

In Bacteria, the HU-family of chromatin proteins has received most attention but typically the HU
homolog(s) present share the DNA compaction role with several additional chromatin proteins; for example,
with HNS, FIS, and IHF in Escherichia coli (Dame, 2005). These proteins vary in abundance under different
growth conditions. Individually, they are not essential for viability but instead seem to have overlapping and
compensating properties in terms of genome compaction, although some do play essential roles in regulat-
ing the expression of specific genes. In addition, after bacterial differentiation into metabolically inactive  
survival-stage cells, such as spores and elementary bodies, the chromatin proteins present are different from
those present in vegetative cells. In stark contrast to the diversity of chromatin proteins in Bacteria, all eukary-
otes (except dinoflagellates) employ the same four histones to compact and package their nuclear DNA into
nucleosomes that further polymerize to form chromatin (Luger et al., 1997; Schlach et al., 2005). These his-
tones, designated H2A, H2B, H3, and H4, form (H2A+H2B) and (H3+H4) heterodimers that assemble into
a histone octamer [(H2A+H2B)+ (H3+H4)2 + (H2A+H2B)] core around which ∼165bp of DNA are wrapped
in ∼1.7 circles to form a nucleosome. All four core histones have a histone fold (HF), a structural motif formed
by three α-helices separated by two β-strand loop regions (α1-βL1-α2-βL2-α3) that directs and requires dimer
formation for stability. The DNA between nucleosomes is bound by proteins, apparently misnamed histones
H1 and H5, as they do not have HFs but seem to share a common ancestry with bacterial HU proteins, as do
the HCC chromatin proteins that replace histones in the dinoflagellate Crypthecodinium cohnii (Wong et al.,
2003). The HFs of H2A, H2B, H3, and H4 assemble to form the globular core of the nucleosome, and these
histones also have N-terminal sequences (known as tails) that extend from the HFs outside of the nucleo-
some. The tails facilitate higher order nucleosome polymerization into chromatin and also carry the targets
for the post-translation histone acetylation, methylation, phosphorylation, and ubiquitinylation events 
that regulate eukaryotic chromatin structure and gene expression (Briggs et al., 2002; Mellor, 2005). Only
one HF-containing protein had been identified in Bacteria (Qiu et al., 2005), but many Archaea have DNA
binding proteins, designated archaeal histones (see www.biosci.ohiostate.edu/~microbio/Archaealhistones;
Reeve, 2003), with HFs structurally very similar to the HFs in the eukaryotic histones. However, unlike the
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almost universal use of histones to package nuclear DNA in eukaryotes, not all Archaea have histones, and
the data available from biochemical studies and archaeal genome sequencing argue that most Archaea, like
Bacteria, probably employ different amounts of different chromatin proteins to compact their genomic DNA
depending on growth and gene expression needs. The predominant families of archaeal chromatin proteins
are described individually below, although it should be remembered that they may have overlapping func-
tions in vivo. An apparent example of the exchangeability of prokaryotic chromatin proteins is provided by
the presence of HTa, a divergent member of the HU-family of “bacterial” chromatin proteins, in Thermoplasma
and its close euryarchaeal relatives (Reeve, 2003). Presumably, this was acquired by lateral gene transfer and
subsequently replaced the archaeal histone(s) that should be present in these Archaea based on their 16S
rRNA phylogenetic positions.

The following sections describe the structures, DNA binding properties, and any evidence for the archaeal
chromatin protein participating in gene expression, but it is important to emphasize that many of these pro-
teins have also been studied in detail as model systems to identify and quantify molecular interactions that
contribute to protein structure and stability. For such investigations, these proteins have the very attractive
features of small size, established high-resolution structures, reversible unfolding–refolding and the availability
of natural variants from Archaea that grow from ice-water to boiling-water temperatures. The results obtained
with natural and laboratory-generated variants with different inherent structural stabilities are impressive 
and such structure–function–stability studies currently constitute much of the ongoing research focused on
archaeal chromatin proteins. This work is beyond the scope of this review but this literature can be readily
accessed through citations in recent reports (e.g. Clark et al., 2004; Topping & Gloss, 2004; Bedell et al., 2005).

148 CHAPTER 13

Archaeal histones

Nomenclature

Archaeal histones were first discovered in Methan-
othermus fervidus and, as the histone preparations
from M. fervidus contained two very similar polypep-
tides, they were designated HMf-1 and HMf-2, as
Histones 1 and 2 from M. fervidus. Later, to conform
to standard bacterial gene-protein nomenclature, the
encoding genes were designated hmfA and hmfB and
the proteins HMfA and HMfB. When archaeal his-
tones were then identified and characterized in other
species, they were named HXxA or HXxB with Xx
being the first letters of the genus and species, and
A and B indicating a closer sequence relationship to
HMfA or HMfB. This became cumbersome with the
discovery of multiple archaeal histones in some
species – for example, there are three histones in
Methanobacterium thermoautotrophicum (now Methan-
othermobacter thermautotrophicus), two of which are
HMfA-like, resulting in HMtA1, HMtA2, and HMtB
– and this nomenclature became essentially imprac-
tical when sequencing revealed that the Methanococ-
cus jannaschii (now Methanocaldococcus jannaschii)
genome encodes six different archaeal histones.
These histones have always been identified as
MJXXXX, where XXXX is the numerical designation

of the encoding gene in the M. jannaschii genome,
and with the rapid accumulation of genome
sequences, from cultured Archaea and environmen-
tal DNA preparations, this now seems to be the only
practical nomenclature. In this review, if both a
genome sequence and a historical name exist, both
are provided, e.g. HMtA1 (MTH0821), HMtA2
(MTH1696), and HMtB (MTH0254).

Sequences and structures

HMfB is the most thoroughly studied and the arche-
type of the most frequently reported family of
archaeal histones, proteins with 65–69 residues that
form just one HF. Regardless of their origin, all
members of the HMfB-family have similar sequences
(Plate 13.1) and can homodimerize or form het-
erodimers with different partners. High-resolution
structures have been established from crystals of
homodimers (Decanniere et al., 2000; Li et al., 2003)
that confirm that these archaeal proteins have HFs
that are almost identical to the eukaryotic HFs that
form the core of the eukaryotic nucleosome. All HFs
are stabilized by an intramolecular salt bridge formed
between an arginine in L2 (R52 in HMfB) and an
aspartate in α3 (D59 in HMfB), and by intermolecu-
lar bonds between hydrophobic residues located
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along the buried anti-parallel aligned faces of the two
α2s in a HF dimer (Plate 13.1). Almost all members
of the HMfB-family of archaeal histones have two
proline residues (P4 and P7 in HMfB) conserved near
the N-terminus of α1 that form a proline tetrad in a
dimer. This motif positions surface-located residues
appropriately for DNA binding but, as the archaeal
histones recently identified in marine Crenarchaea
(see HCs in Plate 13.1) do not have prolines at these
locations (Čuboňová et al., 2005), this structure is
not essential for archaeal histone-DNA binding.

In addition to the HMfB-family, three archaeal
histones have been identified in Methanococci that
have about 25 amino acid C-terminal extensions
from their HFs that are predicted to fold to form an
additional alpha-helix (see MJ1647 in Plate 13.1).
The sequences of these archaeal histone tails are
∼50% identical but they have no detectable homol-
ogy to the sequences of the eukaryotic histone tails.
Removal of the tail from recombinant MJ1647
resulted in decreased thermostability but a protein
that formed more stable complexes with DNA (Li 
et al., 2000). Apparently, the presence of multiple 
C-terminal extensions impedes the higher-order
assembly of (MJ1647)2 homodimers needed for DNA
binding and argues that MJ1647 most likely exists in
vivo in HF heterodimers, partnered with one or more
of the five HMfB-family members also present in M.
jannaschii. The eukaryotic histones form only (H2A+
H2B) and (H3+H4) heterodimers and the asymme-
try of these heterodimers seems necessary to position
DNA binding residues appropriately, and also to limit
dimer oligomerization and so define the structure of
the nucleosome core (Luger et al., 1997). In contrast,
archaeal histone homodimers are symmetric, and it
remains to be determined how such homodimers
position the structurally homologous archaeal HF
residues for DNA binding and if continued homo-
dimer oligomerization is structurally limited. In this
regard, intriguingly, one of the two archaeal histones
in Nanoarcheaum equitans (see NEQ0288 in Plate
13.1) has four more residues (KKVG) in L1 than are
present in L1 of the HMfB-family. Five additional
residues (QDFKT) are similarly present in L1 in the
eukaryotic histone H3 when compared with L1 of
histone H4, and to accommodate this length differ-
ence (H3+H4) heterodimers have an asymmetric
curved structure (Luger et al., 1997). If NEQ0288
forms heterodimers with NEQ0348, the second
archaeal histone in N. equitans that belongs to the

HMfB-family, they should also be curved and asym-
metric. One of the additional residues in L1 of H3 is
K69, the only residue within a eukaryotic HF, as
opposed to a histone tail, that is known to be subject
to regulatory post-translation modification. The
extent of methylation of K69 in H3 has been corre-
lated with regulation of eukaryotic gene expression
and gene silencing (Briggs et al., 2002). The discov-
ery of NEQ0288 with a lysine-containing peptide
insert in L1 provides the first hint of a possible origin
for this L1 insert and this regulation.

Two archaeal histones, HMk (MK1677) in
Methanopyrus kandleri and VNG0134G in Halobac-
terium NRC1, contain two HFs covalently linked in
tandem by short peptides. The crystal structure of
HMk confirms that the two HFs interact, as pre-
dicted, and that HMk is therefore an archaeal histone
heterodimer but with both HFs present in the same
polypeptide chain (Fahrner et al., 2001). This linkage
presumably guarantees that only HF “heterodimers”
form and structural asymmetry that limits higher
order oligomerization and the architecture of the
core of a HMk–DNA complex (Pavlov et al., 2002a).
HMk molecules exist in solution as (HMk)2 dimers,
and therefore as HF tetramers, a property that they
share with eukaryotic histone (H3+H4)2 tetramers
(Alilat et al., 1999). By using the HMk structure as a
model, HMfB–HMfB, HMfA–HMfA, HMfA–HMfB,
and HMfB–HMfA fusions were generated in vitro
with linker peptides based on the peptide that links
the two HFs in VNG0134G. The genetically engi-
neered archaeal HF homodimer-fusions had essen-
tially the same DNA-binding properties in vitro as
their natural unlinked homodimer counterparts
(Marc et al., 2002). The fusions also allowed the
properties of HMfA–HMfB heterodimers to be deter-
mined, and facilitated investigations of the roles of
HF dimer–dimer interactions in determining DNA
affinity, DNA sequence preferences and the differ-
ences in DNA compaction observed for (HMfA)2

versus (HMfB)2 homodimers (Marc et al., 2002).

DNA binding and complex formation

Archaeal histones bind DNA in vivo and in vitro to
form structures that, when visualized by electron
microscopy, resemble the classical “beads-on-a-
string” structure described for nucleosomes in
eukaryotic chromatin. The histone to DNA 
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stoichiometry (Bailey et al., 1999), AFM measure-
ments (Tomschik et al., 2001), and the length of the
DNA protected from micrococcal nuclease digestion
by archaeal histone binding (Pereira et al., 1997; Xie
& Reeve, 2004), however, all argue that the struc-
ture formed at physiological archaeal histone to DNA
ratios, designated an archaeal nucleosome (Pereira et
al., 1997), has a histone tetramer core. The four HF
present make direct contacts with DNA over ∼60bp
and are fully circumscribed by ∼90bp of DNA (Plate
13.1). This results in a structure very similar to the
tetrasome (Alilat et al., 1999) formed at the center
of a eukaryotic nucleosome, where a similar length
of DNA is circularized around the (H3+H4)2 tetramer
(Luger et al., 1997). The C-terminal regions of the
two α2s and two α3s from two H3 monomers form
a four α-helix bundle (4HB) that constitutes and sta-
bilizes the interface between the two (H3+H4)
dimers in a (H3+H4)2 tetrasome (Luger et al., 1997).
Isolated tetrasomes, in common with archaeal
nucleosomes, have the ability to wrap DNA in either
a negative or positive supercoil, and in vitro can
switch between these alternative configurations
(Alilat et al., 1999; Musgrave et al., 2000). For
archaeal histones, this property is dependent on the
salt concentration and histone to DNA ratio in vitro,
and on HF residues located near the C-terminus of
α2 and within α3 (Musgrave et al., 2000; Bailey et
al., 2002; Marc et al., 2002). These residues are the
structural homologues of the H3 residues that stabi-
lize the 4HB formed at the center of a (H3+H4)2

tetramer (Malik & Henikoff, 2003). Some HMfB vari-
ants with amino acid substitutions at these locations
can only wrap DNA in one direction, and so resem-
ble HMk and EAG3, two natural archaeal histones
that constrain DNA in vitro only in a negative (Mus-
grave et al., 2000) or positive (Čuboňová et al., 2005)
supercoil, respectively.

Based on HF homology and the crystal structure
of the eukaryotic nucleosome (Luger et al., 1997),
the residues in an archaeal HF responsible for dimer
and tetramer assembly, and for DNA binding, can be
predicted. Many archaeal histone variants have 
been generated and assayed to test these predictions
(Higashibata et al., 2003; Reeve, 2003) and the
results obtained are fully consistent with the conclu-
sion that an archaeal nucleosome has a structure
very similar to that of the (H3+H4)2 tetrasome. In
addition, all four eukaryotic histones have a lysine in

L2 that directly contacts the DNA in the nucleosome
(Luger et al., 1997), and a lysine is also present at
this location in the M. jannaschii archaeal histones,
but a glycine residue fills this position in almost all
other HMfB-family members. Replacing this glycine
with a lysine resulted in an HMfB variant (G51K)
that had increased affinity for DNA but formed less
flexible complexes (Soares et al., 2003), arguing for
positive selective pressure to retain archaeal histones
that can form archaeal nucleosomes with topological
flexibility.

Participation in regulating 
gene expression

Histones bind DNA primarily through interactions
with the sugar-phosphate backbone, and virtually all
DNA sequences can be incorporated into nucleo-
somes. But nucleosome assembly does occur at 
specific locations in vivo, and such positioned 
nucleosomes do participate directly in regulating
gene expression (Mellor, 2005). Nucleosome posi-
tioning is facilitated by DNA sequences that more
readily accommodate the structural distortions
inherent in DNA wrapping around a histone core
than does the adjacent DNA, and sequence “rules”
for positioning motifs have been established. These
rules apply to both eukaryotic and archaeal
histone–DNA assembly (Bailey et al., 2000) and the
genome sequences of histone-containing Archaea
are enriched for sequences that should facilitate their
compaction by HF-based DNA wrapping (Schieg &
Herzel, 2004). The abundances and relative amounts
of the different archaeal histones present in cells
change with growth conditions, arguing for different
but probably overlapping functions in vivo (Reeve,
2003). The M. fervidus genome has been shown to
contain sequences that do localize HMfA and HMfB
assembly in vitro (Pereira & Reeve, 1999) and 
most, but significantly not all, M. thermautotrophicus
genomic DNA sequences were cross-linked to his-
tones in vivo by formaldehyde treatment (Pereira 
et al., 1997).

A SELEX procedure was used to select DNA mol-
ecules to which HMfB binds with above average
affinity (Bailey et al., 2000). All of these molecules
have sequences that conform to the nucleosome-
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positioning rules, but every molecule has a different
sequence and affinity for HMfB. Some of these mol-
ecules do not have a similarly high affinity for HMfA
and this was shown to result from a difference in 
the structure of the 4HB formed at the center of
2(HMfA)2 versus 2(HMfB)2 homotetramers (Bailey
et al., 2002; Marc et al., 2002). This is consistent 
with the results of investigations of eukaryotic 
nucleosomes assembled with the histone H3.3
variant. Nucleosomes containing H3.3 assemble
specifically on centromeric DNA, and the residues
that differ in H3.3 versus H3, presumably the
residues responsible for this localized assembly
(Malik & Henikoff, 2003), are the HF homologues of
those that differ in HMfA versus HMfB that direct the
assembly of the 4HB at the center of 2(HMfA)2 versus
2(HMfB)2 tetramers.

Most Archaea have more than one histone and
therefore have the potential to assemble archaeal
nucleosomes with different combinations of homo-
dimers and heterodimers. If these have different
sequence-dependent affinities they could be posi-
tioned to regulate gene expression, and archaeal
histone binding to the promoter region of a template
DNA does inhibit transcription in vitro by archaeal
RNA polymerases (Soares et al., 1998; Xie & Reeve,
2004). In eukaryotes, genes assembled into chro-
matin are generally not expressed and, when neces-
sary, this inhibition is relieved by the activities of
chromatin remodeling and histone modification
complexes (Mellor, 2005). Archaeal genomes do 
not, however, encode homologs of the eukaryotic
complexes, and archaeal histones are not post-
translationally modified in vivo (Forbes et al., 2004).
Transcript elongation by eukaryotic RNA polymerase
II (Pol II) through nucleosomal DNA similarly
requires the aid elongation factors that also have no
homologs in Archaea. In contrast, eukaryotic Pol III
does have an inherent ability to transcribe through
nucleosomes and M. thermautotrophicus archaeal 
RNA polymerase (RNAP) was shown to transcribe
through an archaeal nucleosome in vitro without the
aid of elongation factors (Xie & Reeve, 2004). The
presence of the archaeal nucleosome decreased the
rate but did not block transcription and, as illustrated
in Fig. 13.1, this is also the case for M. thermau-
totrophicus RNAP transcription in vitro through
tandemly assembled archaeal nucleosomes (Xie,
2005).

DBNP-B/Sso10b/Alba

Nomenclature

Sulfolobus species contain several families of DNA-
binding proteins that have been designated helix-
stabilizing nucleoid proteins (HSNP-A, -C, and -C′),
DNA binding nucleoid protein (DBNP-B), and
Sac/Sso/Ssh 7a–e, 8a,b, and 10a,b to identify the
origin as S. acidocaldarius (Sac), S. solfataricus (Sso), or
S. shibatae (Ssh) and the monomer size as ∼7, 8, or
10kDa. Based on amino acid compositions, HSPN-C′
and DBNP-B are apparently Sac7d and Sac10b,
respectively, and Sso7d/Sac7d related proteins have
also been isolated and characterized as RNases des-
ignated as p2, p3, and SaRD (Fusi et al., 1995; Kulms
et al., 1995). p3 has the p2/Sso7d sequence plus a
ten residue C-terminal extension with a sequence
related to sequences present in some bacterial
RNases. As described in later sections, considerable
research has since been focused on the Sac10b/
Sso10b and Sac7d/Sso7d families and structures have
also been established for Sac10a/Sso10a proteins, but
further studies of the Sac8/Sso8 proteins have not
been reported.

In 2002, it was proposed that the Sac10b/Sso10b
proteins should be renamed Alba, for acetylation
lowers DNA binding affinity, based on native Sso10b,
which is acetylated in vivo at the N-terminus and at
lysine-16 (K16), having an ∼30-fold lower affinity
for DNA than non-acetylated recombinant Sso10b,
or deacetylated native Sso10b (Bell et al., 2002).
Unfortunately for this name, it has since been estab-
lished that acetylation of Sso10b has a much less dra-
matic effect on DNA affinity, reducing its affinity for
DNA only about two- or threefold (Jelinska et al.,
2005; Marsh et al., 2005), and although Sso10b/Alba
proteins are present in many archaeal lineages,
acetylation has to date only been documented for
Alba homologues purified from Sulfolobales. Some
Sso10b/Alba family members do not have a lysine at
the structural position homologous to K16 in Sso10b
(Plate 13.2) and a second Alba paralog present in S.
solfataricus, Sso10b2, is acetylated at only the N-
terminus (Jelinska et al., 2005). Currently, these pro-
teins are alternatively designated in the literature as
Sso10b, Ssh10b, Mja10b, Afu10b, etc., or SsoAlba,
SshAlba, MjaAlba, AfuAlba, etc., which is further
complicated by the existence of paralogs. In 
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most cases, these have very similar sequences and
appear to be products of recent gene duplication
events, but the two paralogs in Sulfolobus species
have sequences sufficiently different to warrant
being designated Sso10b1 and Sso10b2, or Alba1 and
Alba2 (see Plate 13.2). Here we use Alba1 and Alba2
together with a numerical genome designation 
when available, e.g. Alba1 (SSO0962), to identify the
archaeal origin.

Sequences and structure

Crystal structures have been established for homo-
dimers of Alba1 (SSO0962), Alba1 (MJ0212), Alba1
(AF1956), and Alba2 (SSO6877), and for
[Alba1(SSO0962)+Alba2 (SSO6877)] heterodimers
(Wardlesworth et al., 2002; Chou et al., 2003; Wang
et al., 2003; Zhao et al., 2003; Jelinska et al., 2005).
They are almost identical, consistent with the ∼50%
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Fig. 13.1 Archaeal nucleosome positioning and transcription through archaeal histone-bound DNA. (a) The
diagram shows the positions at which two archaeal nucleosomes (shaded ovals) assembled on the transcription
template, based on the DNase I footprints shown below. The template DNA was 32[P]-end-labeled, and incubated
with HMtA2 at archaeal histone to DNA molar ratios of 1 :1 (+) and 4 :1 (++), or without the histone (−) and
then exposed to DNase I. The DNA fragments generated were separated by denaturing gel electrophoresis. (b)
Transcription by RNA polymerase (RNAP) purified from M. thermautotrophicus was initiated in a reaction mixture
that contained only ATP, GTP and [32P]-CTP on the template shown in (a). The first 24bp (U-less cassette) were
transcribed in the absence of UTP and stalled elongation complexes accumulated that contained the template
DNA, RNAP and a 24-nucleotide 32P-labeled transcript. These were washed and an aliquot was incubated with
HMtA2 at a histone to DNA molar ratio of 1. All four unlabeled NTPs were then added and the transcripts
synthesized by elongation of the [32P]-labeled nascent transcript at the times indicated (seconds) were separated
by electrophoresis and visualized by phosphorimaging. As noted, the rate of transcript elongation was reduced
by the presence of the archaeal nucleosomes and the RNAP paused at multiple locations, predominantly at the
5′-boundaries (�) of these nucleosomes. However, full length run-off transcripts (352nt) were generated. The
RNAP also paused at two common sites (�) in both the presence and absence of archaeal nucleosome assembly.
This figure is based on the results of research undertaken by Yunwei Xie (2005).
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sequence identity of all Alba1 proteins, and their
∼40% identity with Alba2 proteins. The mono-
mer has β-strand1–α-helix1–β-strand2–α-helix2–β-
strand3–β-strand4 regions separated by loops (Plate
13.2) and dimer formation is stabilized primarily
through interactions between the anti-parallel
aligned α2-β3 regions. Dimer :dimer polymerization
has also been identified in the crystal structures
directed by α1:α1 interactions (Zhao et al., 2003)
that is consistent with (Alba)2 dimers assembling end-
to-end to form a linear polymer when bound along
the long axis of a DNA molecule (Zhao et al., 2003;
Jelinska et al., 2005). Alba1 (SSO0962) and Alba2
(SSO6877) differ most noticeably in the loop region
between β3 and β4, one of three regions that directly
interact with DNA (Cui et al., 2003). In Alba2, the
loop is shorter and contains an arginine-rich
sequence, RDRRR, as is commonly found in nucleic
acid binding proteins and particularly in RNA-
binding proteins. The βαβαββ fold of Alba1 and Alba2
is present in many contemporary RNA-binding pro-
teins, and a bioinformatics analysis concluded that
archaeal Alba proteins share a common ancestry with
these RNA-binding proteins (Aravind et al., 2003).
Furthermore, it was argued that the ability to bind
DNA is likely a recent acquisition and may not be a
property of all archaeal Alba proteins. The genes
encoding Alba1 and Alba2 in S. solfataricus and S. shi-
batae are located on the opposite DNA strand but
directly adjacent to and partially overlapping, respec-
tively, the gene that encodes reverse gyrase. Reverse
gyrase apparently evolved with hyperthermophily,
and perhaps having these three genes that encode
DNA-structure modulating proteins organized as a
functional unit was then advantageous.

DNA/RNA binding and 
complex formation

Purified Alba1 (SSO0962) binds in vitro to double-
stranded DNA, single-stranded DNA, and RNA with
similar affinity, and acetylation of recombinant Alba1
reduced the affinity about two- to threefold for both
DNA and RNA (Jelinska et al., 2005; Marsh et al.,
2005). Surprisingly, however, whether the primary
target for Alba binding in vivo is DNA and/or RNA
remains controversial. Cells of S. solfataricus have
been exposed to UV-irradiation (Marsh et al., 2005),

and cells of S. shibatae to formaldehyde (Guo et al.,
2003), to covalently attach Alba in situ to the nucleic
acid(s) to which it was bound in vivo. The results
obtained have been interpreted as demonstrating
that Alba is bound in vivo to both DNA and RNA
(Marsh et al., 2005) or only to large RNA molecules
and ribosomes (Guo et al., 2003). Given that Alba1
is a major component of the cell, initially reported as
constituting ∼4% (Xue et al., 2000) and then more
precisely 1.7% of the total soluble protein in S. shi-
batae (Guo et al., 2003), it may be very difficult to
distinguish between meaningful and spurious cross-
linking of such an abundant protein to nucleic acids
in vivo by these techniques. Consistent with Alba
binding to ribosomes, electron microscopy of S. sol-
fataricus cells that were immunogold stained using
anti-DBNP-B (Sso10b) antibodies located this
protein throughout the cytoplasm and not enriched
in the nucleoid (Bohrmann et al., 1994).

Regardless of the in vivo target, considerable effort
has been invested in characterizing and modeling the
complexes formed by Alba1 and Alba2 in vitro with
DNA. Residues in three regions of Alba1 directly
contact the DNA based on changes in their NMR
signals when measured in solution in the presence
versus absence of DNA (Cui et al., 2003). These are
located at the center and at each end of an Alba
dimer, which, given the dimer dimensions, should
facilitate DNA binding at three separate sites that
extend over one complete helical turn (Plate 13.2).
Consistent with this, at low Alba to DNA ratios, one
Alba dimer binds per 10–12bp and in one model
(Wardlesworth et al., 2002; Wang et al., 2003), but
not the only model for Alba binding (Zhao et al.,
2003), the central DNA binding site makes contact
with the major groove of the DNA and the two end-
located sites extend to bind within the flanking
minor grooves (Plate 13.2). At higher Alba to DNA
ratios, about two Alba dimers bind per helical turn,
leading to the proposal that Alba dimers are then
assembled end-to-end (Zhao et al., 2003) as parallel
linear polymers that bind along the long axis and
essentially coat the DNA (Jelinska et al., 2005), but
do not compact the DNA (Xue et al., 2000). In an
early electron microscopy study, complexes formed
at sub-saturating Alba concentrations appeared to
link two DNA molecules but, with additional Alba
binding, the complexes observed contained only one
DNA molecule apparently coated by Alba (Lurz et al.,
1986). In a more recent study, the complexes formed
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by (Alba1)2 and (Alba2)2 homodimers and by (Alba1
+Alba2) heterodimers were compared (Jelinska et
al., 2005). Recombinant (non-acetylated) (Alba1)2

bound DNA with an affinity ∼20-fold higher than
recombinant (non-acetylated) (Alba2)2, but only
about threefold higher than recombinant (Alba1+
Alba2) heterodimers or native (acetylated) (Alba1)2.
When visualized by EM, the complexes formed by
(Alba1)2 at different protein to DNA ratios were con-
sistent with the earlier report that used native
protein (Lurz et al., 1986) but, at a high protein to
DNA ratio, (Alba1+Alba2) heterodimers did not
simply coat one DNA molecule but instead formed
more compact complexes that contained two, appar-
ently branched, DNA molecules. As suggested for
archaeal histone heterodimer formation, forming
(Alba1+Alba2) heterodimers may limit dimer
oligomerization and prevent the monotonous poly-
merization of (Alba1)2 homodimers in vivo that
apparently results in DNA coating in vitro.

Participation in the regulation 
of gene expression

Consistent with Alba participating in regulating gene
expression, the abundance of Alba1 in Thermococcus
zilligii (Dinger et al., 2000) and of transcripts encoding
Alba1/Sso10b1 in S. solfataricus (see Jelinska et al.,
2005) cells decreases substantially as cultures enter
the stationary phase, although this was not observed
for Alba1/Ssh10b1 in S. shibatae cells (Guo et al.,
2003). Binding deacetylated Alba1 to the template
DNA inhibited transcription in vitro, although the step
in transcription inhibited was not determined (Bell et
al., 2002). The presence of enzymes in S. solfataricus
that specifically and reversibly acetylate (Pat; Marsh
et al., 2005) and deacetylate (Sir2; Bell et al., 2002)
the K16 residue in Alba1 (SSO0962), and the physical
association of Alba1 with the deacetylase in vivo, argue
convincingly that acetylation–deacetylation of this
Alba1 must be biologically meaningful. When the
acetylation of Alba1 was first found to reduce its affin-
ity for DNA substantially, it was suggested that this
could be the basis of an archaeal analog of the well
established eukaryotic mechanism of regulating gene
expression by histone-tail acetylation (Bell et al.,
2002). This could still be the case, but the regulation of
gene expression by Alba acetylation may be more

indirect than originally imagined, with acetylation
regulating (Alba1)2 dimer :dimer polymerization, and
the extent of (Alba)2 polymerization modulating DNA
binding (Zhao et al., 2003). The K16 residue acety-
lated in Alba1/Sso10b is located in a DNA binding
region (Cui et al., 2003), within the loop that sepa-
rates β1 and α1 (Plate 13.2), but this is also adjacent to
the sites of α1:α1 interactions that are proposed to
stabilize (Alba)2 : (Alba)2 oligomerization (Zhao et al.,
2003). Consistent with both K16 and the adjacent
residue K17 playing direct roles in DNA binding by
Alba1/Sso10b, K16A, K16E, K17A, and K17E, vari-
ants of this protein were reported to have ∼7-, ∼40-,
∼14-, and ∼42-fold reduced affinities for DNA in vitro,
respectively (Bell et al., 2002), although these values
must now be considered within the context of acety-
lation of Alba1/Sso10b resulting in only a two- to
threefold, rather than 30-fold, reduction in DNA
affinity (Jelinska et al., 2005; Marsh et al. 2005). The
structural homolog of K16 in Alba1/Afu10b1 is not a
lysine but N10, and an N10A variant of this protein
has only about a twofold lower affinity for DNA than
the wild-type protein (Zhao et al., 2003). The
homolog of K17 in Alba1/Sso10b1 is a lysine (K11) 
in Alba1/Afu10b1 and K11R, K11Q, and K11M 
variants of Alba1/Afu10b1 do have about sevenfold
reduced affinities for DNA, but this is also the case 
for the L18R and F54R variants of this protein, 
which were designed specifically to be defective in
dimer :dimer interactions (Zhao et al., 2003). The
enzyme that deacetylates K16 in Alba1/Sso10b1 is a
member of the Sir2 family, and this residue follows
the sequence P(X)6G that is reminiscent of the P(X)4G
sequence that precedes a lysine residue that is acety-
lated by a bacterial Sir2 family member in acetyl-CoA 
synthetase. If this is a conserved recognition motif 
for Pat/Sir2 acetylation/deacetylation partnerships
(Marsh et al., 2005), its absence from some 
Alba family members (see Plate 13.2) presumably
argues against their acetylation/deacetylation in vivo
by such a partnership.

Sso10a/Sac10a

Structures have been established for Sso10a (Kahsai
et al., 2005) and Sac10a (Edmondson et al., 2004),
two members of the second family of abundant 
∼10kDa DNA binding proteins present in Sulfolobus
species that, like the Sso10b1/Alba family, are also
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widely distributed in Archaea (COG3432). However,
otherwise these protein families have only their 
∼10kDa monomer size in common. The Sso10a/
Sac10a proteins have about 95 amino acid sequences
that form an α-helix1-β-strand1-α-helix2-α-helix3-
β-strand1-β-strand3-α-helix4 fold. They are dimers
in solution in which the two long C-terminal α4s are
intertwined and form a two-stranded, anti-parallel,
coiled-coil rod that separates the two N-terminal
regions that fold into winged-helix DNA-binding
domains (Chen et al., 2004). In the one biochemical
investigation reported (Edmondson et al., 2004),
Sac10a was found to bind poly(dAdT) in vitro with
high affinity, at a stoichiometry of 1 dimer/17bp, and
compacted this DNA consistent with EM observa-
tions of the complexes formed by Sac10a (Lurz et al.,
1986). But, under the same solution conditions,
Sac10a did not bind poly(dA)-poly(dT), poly(dGdC),
or poly(dC)-poly(dG) with such high affinity, leading
to the proposal that Sac10a/Sso10a proteins may
exhibit sequence-specific DNA binding and function
as transcription regulators rather than chromatin
proteins. When the sequences of many
Sso10a/Sac10a family members are aligned, the
winged-helix DNA-binding domains are conserved
but some have long and unrelated N- and C-termi-
nal sequences that extend from the COG3432 fold,
consistent with different regulator-sensing domains
fused to the same DNA-binding motif (Edmondson
et al., 2004).

Sso7d/Sac7d/Ssh7d/HSPN-C′

Nomenclature and sequences

Sso7/Sac7/Ssh7/HSPN-C′ are small (∼7kDa), very
abundant DNA binding proteins that, unlike the
Sso10a and Sso10b/Alba families, are only present in
Sulfolobus species so that Sul7 has been adopted as
the family name. These proteins are not related to
7kMk, a DNA binding protein with a calculated mass
of 8699Da, but an electrophoretic mobility indicative 
of ∼7kDa, that has only been characterized from
Methanopyrus kandleri (Pavlov et al., 2002b). Sac7
preparations, when first isolated from S. acidocaldar-
ius, were shown to contain five closely related
polypeptides that were designated Sac7a through 7e
based on increasing positive charge. The sequences

of Sac7a, b, d, and e (about 65 amino acids) are now
known and are aligned in Plate 13.3, together with
the sequence of Sso7d, the most studied member of
this family from S. solfataricus.

Structure and DNA binding

High resolution structures have been established for
Sac7d, Sso7d, Sac7d-DNA, and Sso7d-DNA com-
plexes (Su et al., 2000; Ko et al., 2004; Bedell et al.,
2005; Chen et al., 2005). All Sul7d proteins almost
certainly have the same fold that resembles the Src
homology 3 (SH3)/chromodomain fold with five β-
sheet regions preceding one α-helix. DNA binding is
primarily through contacts made by residues Y8,
W24, V26, M29, and R42 within the minor groove
over just a ∼4bp region. This results in a sharp ∼60°
DNA bend, helix unwinding, and an increase in 
the melting temperature of the DNA. The roles of 
W24, V26, and M29 in DNA binding and bending
have been probed by mutagenesis (Bedell et al.,
2005; Peters et al., 2005), and crystal structures have
been established for the complexes formed with DNA
by Sac7d variants with both single and combined
V26A, M29A, and M29F substitutions (Chen et al.,
2005). Five of the 14 lysine residues (K5, K7, 
K60, K62, and K63) in Sso7d are ε-amino-
monomethylated in vivo to different extents and the
extent of methylation increases in vivo with increas-
ing growth temperature (Baumann et al., 1994), but
this methylation does not affect DNA binding. These
N- and C-terminally located lysine residues are
remote from the protein :DNA interface, and methy-
lation does not reduce the affinity of Sul7d for 
DNA (Baumann et al., 1994; Su et al., 2000). As con-
firmation that the C-terminal region is not required
for DNA binding, a variant (L54∆) with the C-
terminal α1-region deleted has been generated and
although this variant is structurally less stable, it 
still binds DNA (Shehi et al., 2003). To further probe
the requirements for DNA binding, a Sac7d dimer
has been constructed that retains but has modified
DNA binding properties (Yang & Wang, 2004), 
and Sso7d-Taq and Sso7d-Pfu fusions have been
shown to retain both high catalytic activity and struc-
tural stability and to have increased processivity
(Wang et al., 2004). A DNA polymerase based on 
the Sso7d-Pfu construct has been commercialized as
PhusionTM.
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RNase and chaperone activities

In addition to DNA binding, Sso7d has been shown
to facilitate the re-annealing of complementary
single strands of DNA at high temperatures, to have
RNase activity, and to function as an ATP-dependent
protein chaperone that disassembles and reactivates
insolublized β-galactosidase (Guagliardi et al., 2002,
2004). The regions of Sso7d that bind protein aggre-
gates and DNA apparently overlap, as these activities
are mutually exclusive, but the residues responsible
for ATP hydrolysis and RNase activity are located in
regions not involved in DNA binding (Guagliardi et
al., 2002). Two residues, K12 and E35, have been
identified that are required for RNase activity and
these, as illustrated in Plate 13.3, are located on the
protein surface distant from the DNA binding face.
Sso7d variants with K12L and E35L substitutions
retain the native fold but they no longer have RNase
activity (Shehi et al., 2001).

Participation in gene expression

Given their intracellular abundance, the Sul7d pro-
teins must contribute to the overall architecture of
the genome in vivo, and Sso7d has been shown to
compact relaxed and positively supercoiled DNAs in
vitro (Napoli et al., 2002). Not surprisingly, there are
hints that these proteins also participate in DNA
replication, repair, and/or expression. Addition of
Sso7d repressed uracil DNA glycosylase activity
(Dionne & Bell, 2005) and prevented the auto-
inhibition of a Holliday junction-resolving enzyme
(Kvaratskhelia et al., 2002) but did not inhibit
reverse gyrase or transcription in vitro. Sso7d (and
Sso10b/Alba) binding sites have been identified in
the regulatory region upstream of a gene encoding
alcohol dehydrogenase in S. solfataricus (Fiorentino et
al., 2003).

MC1

By archaeal standards, Methanosarcina species have
very large genomes (>5Mbp) that encode only one
archaeal histone and no Sso10b/Alba homologs.
Histone synthesis was not detected in Methanosarcina

CHTI55 (De Vuyst et al., 2005) and the genomic DNA
of this methanogen, and related Methanosarcinae, is
bound and compacted predominantly by members of
the MC1 chromatin protein family. Based on genome
sequences, Methanosaeta, Halococcus, Halobacterium,
and Haloferax species have the capacity to synthesize
two or three MC1 paralogs but members of this
protein family are not otherwise widely distributed.
A solution structure has been established for the
MC1 from Methanosarcina thermophila (Plate 13.4).
This 93 residue protein folds into β-β-α-β-β-loop-β
regions that constitute a novel fold, although with
features reminiscent of the Sul7d structure (Paquet
et al., 2004), and MC1 apparently does also bind to
the minor groove. It was calculated that one
monomer interacts with ∼11bp of DNA (Paradinas et
al., 1998) but the results of a SELEX selection argue
for interactions over a longer 15bp region. The DNA
molecules selected, to which MC1 binds with about
50-fold higher affinity than to random DNA, have a
consensus sequence of A5CACACAorCC4 (De Vuyst
et al., 2005). MC1 binds non-cooperatively, causing
a sharp kink, and binds preferentially to negatively
supercoiled DNA and to four-way Holliday structures
but not to bulged DNA (Paradinas et al., 1998). 
Based on photochemical crosslinking of MC1 to 5-
bromouracil-substituted DNA, the DNA binding
region is located near the C-terminus, between
residues K62 and K87, and the surface locations of
W74, K81, K85, and K86 are consistent with their
predicted roles in contacting DNA (Paquet et al.,
2004). MC1 binding results in negative supercoiling,
and protects the DNA against radiolysis and heat
denaturation. Addition of MC1 stimulated E. coli
RNAP activity in vitro at low protein to DNA ratios,
but inhibited transcription at higher ratios (Chartier
et al., 1989). There are no reports of the effects of
MC1 on transcription by archaeal RNAPs but, con-
sistent with the idea that DNA binding and therefore
regulation by archaeal chromatin proteins might be
modulated by post-translational modifications, a
lysine methyltransferase has been characterized from
Methanosarcina mazei Gö1 that specifically methylates
K37 of MC1 in vitro. This protein has homology to
proteins that methylate lysines in eukaryotic his-
tones but did not methylate the archaeal histone
from M. mazei (Manzur & Zhou, 2005). The effects 
of MC1 methylation on DNA binding were not
reported.
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Summary

The almost universal use of histones and the regular
organization of eukaryotic nuclear DNA into nucleo-
somes and higher order chromatin are attractive and
seductive as models, but are clearly not applicable to
prokaryotes. As described above, to date all Archaea
investigated have the capacity to synthesize one or
more members of more than one family of chromatin
protein. These different families of proteins have
apparently evolved independently, but with selection
to accomplish essentially the same functions, namely
to constrain and compact genomic DNA while not
impeding and probably contributing to DNA replica-
tion, repair, and expression. The same selective pres-
sures have apparently also been imposed in Bacteria,
so that many different proteins now exist in both
prokaryotic domains that qualify generically as
“histone-like” proteins. By using sophisticated bacter-
ial genetics, it has been possible to identify different
and often overlapping roles for different chromatin
proteins in Bacteria and this is likely also to be the 

case in Archaea. But, to date, there has been only 
one genetic investigation of chromatin proteins 
in Archaea, which, not surprisingly, revealed that
neither the histones nor the Sso10b/Alba homolog
present in Methanococcus voltae are essential for viabil-
ity (Heinicke et al., 2004). A major difference between
prokaryotes and most eukaryotes, in terms of genome
organization, is that prokaryotes need to be able to
access and transcribe essentially any gene at any time,
whereas most nuclear DNA in a differentiated eukary-
otic cell is not expressed and so can be archived 
in chromatin. This raises the question of whether
genome compaction, as understood in terms of
eukaryotic chromatin, is really a meaningful concept
for prokaryotes. To date, there is no definitive demon-
stration that the genomic DNA in any growing
prokaryotic cell is organized by chromatin protein(s)
into a regular chromatin structure. Prokaryotic
genomes must be compacted to meet size constraints,
but their compaction has to be flexible and dynamic,
and they may never be constrained into one definitive
chromatin structure.
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Introduction

In the past few years there has been a huge increase in interest in, and knowledge of, the archaeal DNA repli-
cation system. With the availability of complete archaeal genomes in the late 1990s, it became apparent that
the archaeal DNA replication apparatus was, in essence, a stripped down or ancestral version of that found
in present day eukarya (Table 14.1). Thus, archaeal DNA replication is a particularly exciting field, as it
addresses the inherently fascinating archaeal DNA replication machinery and manner in which Archaea divide
their cells and also serves as a valuable model system for the fundamentally homologous, yet vastly more
complicated, eukaryal machinery.

As we attempt to summarize in this chapter, there is now a large body of data available on the form, func-
tion, and identity of key players in the archaeal DNA replication machinery. However, far less is known about
the temporal and physical context in which these proteins function during the archaeal cell cycle.

Cell cycle in Archaea

The process of cell division is a highly complicated
and orchestrated process. At its very simplest, in
order for a cell to pass on its full genetic complement
to its progeny, chromosome segregation requires
duplication of the chromosome. Eukaryotic cells and
many bacteria have clearly defined periods of DNA
synthesis (S-phase in the eukaryotic nomenclature)
and of cell division (M-phase in eukaryotes). These
phases are separated by two gap phases, G1 between
M and S phases and G2 between S and M. Thus, the
cell cycle proceeds G1, S, G2, M. The relative length
of time organisms spend in the G1 and G2 phases
vary, for example, G1 dominates in budding yeast,
whereas the majority of cells in asynchronous cul-
tures of fission yeast are in G2. In some Bacteria, 
for example rapidly growing E. coli, the situation
becomes more complicated with multiple, overlap-
ping rounds of DNA replication occurring within a
single cell cycle. Thus, rapidly growing E. coli can

actually segregate sister chromosomes that have
already started their next round of DNA replication.

There is a fundamental difference in the manner
in which bacterial cells and eukaryotic cells segregate
sister chromosomes. In Bacteria, this event occurs
concomitant with DNA replication; thus during the
G2 period of the bacterial cell cycle, newly replicated
nucleoids are segregated and appropriately posi-
tioned so that septation can occur between them to
generate daughter cells (Sherratt, 2003). In contrast,
in the eukaryotic mitotic cell cycle, sister chromatids
are paired post-replicatively in the G2 phase of the
cell cycle and this cohesion is only lost in the M
phase.

The situation in Archaea remains very poorly
understood. Indeed, the cell cycle parameters have
only been established for a limited number of species,
largely through the pioneering work of the Bernan-
der laboratory. The best characterized species to date
are the hyperthermophilic acidophiles of the Sul-
folobus genus. It has been shown that Sulfolobus cells

14
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have a cell cycle with a short G1 period, containing
a single copy of the chromosome, and that the dom-
inant period of the cell cycle is G2, where cells have
two copies of the chromosome (Bernander &
Poplawski, 1997; Hjort & Bernander, 1999). Inter-
estingly, microscopic studies have suggested that
nucleoids are not clearly segregated in G2 Sulfolobus
cells. In contrast, studies of the euryarchaeon
Methanothermobacter thermautotrophicus (Majernik 
et al., 2005) have shown that this organism has a
more variable number of chromosomes (either two,
four, or eight copies). Significantly, the majority of
cells show a number of nucleoids that correlates with
the number of genome copies, suggesting that
genome segregation occurred either concomitant
with, or immediately following, DNA replication.
Studies of another euryarchaeon, Halobacterium, sug-
gested that this organism also demonstrated a tight
temporal linkage between DNA replication and chro-
mosome segregation (Herrmann & Soppa, 2002).

While it is clear that significantly more studies are
required before general principles can be derived, it
is nevertheless tantalizing that the two Euryarchaea
described above have an apparently bacterial-like

mode of coupled replication and segregation. In 
contrast, the single crenarchaeote studied thus far,
Sulfolobus, may be hinting at a distinct (and con-
ceivably more eukaryotic) mode in which visible 
segregation of nucleoids occurs after a significant
post-replicative period. It will be of considerable
interest to determine whether sister chromatids in
Sulfolobus are paired at the molecular level. Indeed,
two-dimensional agarose gel analysis of replicating
Sulfolobus chromosomes (see below) has revealed 
the presence of species corresponding to joint mole-
cules between sister chromatids in this species
(Robinson et al., 2004). Such species are also
detected in eukaryotic chromosomes, where they
have been proposed to play a role in establishing
sister chromatid cohesion in S phase (Liberi & Foiani,
2004). Clearly, important goals of ongoing research
will be to establish the molecular nature of these
joint molecules; to determine how these structures
are generated; to elucidate the longevity of the struc-
tures (are they maintained in G2 cells?); and to
perform high resolution studies of the location 
of genetic loci on sister chromatids in G2 phase 
Sulfolobus cells.

Table 14.1 Summary of the replication proteins required across the three domains of life.

Bacteria (E. coli) Archaea (S. solfataricus) Eukarya

Origin recognition protein Dna A Orc1/Cdc6 (3 homologs) ORC
Helicase loading Dna C Orc1/Cdc6? (3 homologs) Ccd6 and Cdt1
Replicative helicase (melts Dna B MCM homohexamer MCM heterohexamer

and unwinds the DNA)
Single stranded binding SSB RPA like SSB RPA

protein
Primase (makes RNA Dna G 2 subunits, PriL and PriS Primase complex, PriL,

primers for replication) PriS, B subunit, DNA
polymerase α

Polymerase DNA pol III family A DNA Pol B family DNA Pol α, δ, ε family B
polymerase polymerases polymerases

Sliding clamp (confers β clamp dimer PCNA heterotrimer PCNA homotrimer
processivity to
polymerase)

Clamp loader (opens the γ complex, 5 different RFC, 1 large subunit and 4 RFC, 1 large subunit and
ring of the sliding subunits small identical subunits 4 small subunits
clamp)

Ligase DNA ligase NAD DNA ligase ATP DNA ligase ATP dependent
dependent dependent

Primer removal DNA Pol I FEN1/ Rad2 FEN1/Rad 2
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The nuts and bolts of archaeal 
DNA replication

While there is much to be learnt about the mecha-
nisms and control of the cell cycle in archaeal species,
considerable detail is now known about the nature
and function of the key players in the archaeal DNA
replication apparatus. Sites of initiation of replication
and the replication origins have been identified in
several species. Some molecular detail is known
about the manner by which these origins are
defined. There have been some particularly exciting
advances in the determination of the structures of a
number of the replication-associated proteins and
considerable insight has been gained into the archi-
tecture of the replication fork. In this section, we
describe what is known about the various stages in
the DNA replication process, starting with the defi-
nition of replication origins and leading to the estab-
lishment of replication forks.

Origins of replication in the Archaea

Until recently, it was generally perceived that there
was a fundamental divide in the organization of DNA
replication between Prokarya and Eukarya. Studies
in Bacteria had revealed that they replicate their
genomes from single origins of replication. In con-
trast, Eukarya use multiple origins per chromosome
and these origins are typically spaced between 30
and 100kb apart (for a recent review see Robinson
& Bell, 2005). The pioneering work of Forterre and
colleagues revealed that Pyrococcus species conformed
to the prokaryotic paradigm, having a single origin
of replication per circular chromosome (Myllykallio
et al., 2000). However, bioinformatics analyses using
the Z-curve methodology of Zhang and Zhang
(http://tubic.tju.edu.cn/zcurve/) began to supply
hints that some archaeal genomes may have a more
complex replicon architecture. More specifically,
Zhang and Zhang (2003) predicted that the main
chromosome of Halobacterium had two origins of
replication. However, a targeted genetic screen for
autonomously replicating sequences by Berquist and
DasSarma (2003) found evidence for only one of
these origins of replication. Nevertheless, due to the
relatively low resolution of the Z-curve methodology
and the nature of the genetic screen, it remains pos-

sible that a second replication origin is present in the
Halobacterium main chromosome.

Zhang and Zhang (2003) also revealed that the
genome sequence of Sulfolobus solfataricus had a
complex Z-curve plot that was interpreted as being
indicative of three origins of replication. Direct exper-
imental proof of the location and identity of two of
these origins was obtained by 2D agarose gel elec-
trophoresis analysis of DNA replication intermediates
in S. solfataricus cells (Robinson et al., 2004). These
origins, oriC1 and oriC2, were mapped at high resolu-
tion and found to be upstream of the S. solfataricus
cdc6-1 and cdc6-3 genes. The cdc6-1, cdc6-2, and cdc6-3
genes encode homologs of eukaryal Orc1 and Cdc6
(see below). No origin activity was detected within 10
kb either side of the cdc6-2 gene. A subsequent marker
frequency analysis revealed that there was indeed a
third origin of replication, oriC3, approximately 80kb
removed from the cdc6-2 gene (Lundgren et al.,
2004). Thus, it appears that Sulfolobus does not adhere
to the prokaryotic paradigm of one replication origin
per chromosome, but instead uses three origins.
Replication initiation point mapping indicated that
oriC1 and oriC2 were used in the majority of cells
(Robinson et al., 2004). Additionally, the profile of
replication derived from the marker frequency 
analysis fit with a model in which all three origins
were being used in all cells (Lundgren et al., 2004).
However, both these studies examined origin usage
in cells growing at a high rate. It will be of consider-
able interest to determine whether there is any
degree of differential origin usage either within the
cell population or as a function of growth rate, at the
level of either doubling time or position in early,
middle, or late exponential growth.

In principle, the presence of multiple origins of
replication could provide the cell with a mechanism
for controlling the time spent to replicate the
genome. Assuming no modulation of the rate of
replication fork movement, in principle a cell with a
single origin of replication functioning would take
considerably longer to replicate its DNA than a cell
with all three origins firing. In the simplest case, if
the three origins were equidistant, this could result
in a threefold modulation of the length of S-phase.
In fact, the origins are somewhat asymmetrically dis-
tributed around the chromosome and so would allow
a variability of about twofold.

If there is indeed differential origin usage in Sul-
folobus, this may have some interesting implications
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for mechanisms of termination of replication. Bacte-
rial cells have defined termination sites in the chro-
mosome, at approximately half way round from the
origin (Fig. 14.1a). These sites act as polar barriers to
replication fork movement, trapping forks coming
from one side, but permitting the passage of forks
coming from the other. Termination sites in bacteria
are often located near dif sites for the XerC/D-based
site-specific recombination, a procedure that acts to
convert dimeric chromosomes generated by homol-
ogous recombination to monomers, thereby facilitat-
ing segregation (Sherratt, 2003). In Eukarya, it is
currently unclear whether there are specific mecha-
nisms to ensure termination or if converging repli-
cation forks simply collide stochastically and
terminate. In an archaeon like Pyrococcus with a cir-
cular chromosome and a single origin, it is possible
that a bacterial-like termination system will exist
(Fig. 14.1a). In this light it is important to note that
many archaeal genomes encode clear homologs of
the bacterial XerC/D recombinases. Presumably in
Pyrococcus, as in bacteria, the dif site will be located
across the chromosome from oriC. However, in an
organism, like Sulfolobus, with multiple origins, it is
unclear whether there will be active termination
sites. Indeed, if the origins are used differentially, as
suggested above, then the presence of active termi-

nation sites between all three origins could present
a problem in ensuring complete replication of the
chromosome (Fig. 14.1b, c). An alternative might be
to have a single active termination site between two
of the origins and rely on stochastic fork-collision
mechanisms to ensure termination in the other two
inter-origin regions (Fig. 14.1d). Depending on the
positioning of this putative “master terminator,” this
could greatly influence the time taken to replicate
the genome (Fig. 14.1e).

Origin definition

The replicon hypothesis posits the existence of a 
cis-acting sequence – the origin – that is acted on by
trans-acting initiator factors (Jacob et al., 1963). The
likeliest candidates for archaeal initiators are the
homologs of eukaryotic Orc1 and Cdc6 encoded by
almost all archaeal genomes. Eukaryal origins of
replication are defined by their interaction with the
six-member origin recognition complex (ORC; for
review see Bell, 2002). One component of ORC,
Orc1, is related to a second member of the eukaryal
pre-replicative complex, Cdc6, and presumably
derived from a common ancestor (Bell & Dutta,
2002). Present day Archaea encode what appears 
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Fig. 14.1 Cartoons of replicon architecture and consequences for termination mechanism. (a) A simple replicon
with a single origin (oriC) and a terminus (ter) positioned 180° around the circular chromosome. (b) A more
complex situation with three origins and three active termination sites placed midway between the oris. Forks
moving away from the origins encounter the ter sites and arrest. However, (c) illustrates a situation in which
oriC3 does not fire. This would result in ter13 and ter23 blocking forks coming from oriC1 and oriC2 and thereby
preventing replication of the oriC3-containing portion of the genome. (d) A situation where oriC3 does not fire
and the forks coming out simply collide at fcz (fork collision zone) and are resolved. (e) A situation where only
oriC1 is active and there is a single, asymmetrically positioned, active termination site (ter12). As can be seen
from this diagram, the fork coming clockwise from the oriC1 will rapidly reach ter12 and terminate; in contrast
the anticlockwise fork has to travel around over 80% of the genome before terminating. Clearly, the relative
position of a ter12 will influence the time taken to replicate the genome.
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to be the descendant of that progenitor molecule.
Intriguingly, the number of Orc1/Cdc6 homologs
varies between species. Pyrococcus has a single
Orc1/Cdc6, Sulfolobus has three homologs and
halophilic archaeal species have at least ten. The
origins of replication identified on Pyrococcus and
Halobacterium, and two of the three Sulfolobus origins,
are located beside the genes for Orc1/Cdc6
homologs. This is reminiscent of the situation in
many Bacteria where there is tight linkage between
the origin of replication and the gene for the initia-
tor protein DnaA (Messer, 2002). The first evidence
for binding of the origin of replication by archaeal
Orc1/Cdc6s came from studies using chromatin
immunoprecipitation (ChIP) in Pyrococcus. These
revealed that the Orc1/Cdc6 in that species bound in
the vicinity of the origin in vivo (Matsunaga et al.,
2001). DNase footprinting studies performed in 
vitro with purified Sulfolobus Orc1/Cdc6 homologs
(termed Cdc6-1, Cdc6-2, and Cdc6-3) revealed that
these proteins bound to specific sites in the replica-
tion origins (Robinson et al., 2004). More specifically,
Cdc6-1 and Cdc6-2 bound to all three origins and
Cdc6-3 bound to oriC2 and oriC3. These in vitro
studies were supported by ChIP analyses in vivo. 
The binding sites for the proteins displayed com-
plex cooperative or competitive interactions. For
example, Cdc6-2 binding sites overlapped with, and
competed for access to, binding sites for Cdc6-1
and/or Cdc6-3. This initially puzzling and complex
situation was partly explained by the observation
that there appears to be temporally regulated expres-
sion of the Orc1/Cdc6 homologs during the cell cycle.
Cdc6-1 and Cdc6-3 levels are highest in G1 and S-
phase cells; in contrast, Cdc6-2 peaks in G2. A simple
prediction arising from these data is that Cdc6-1 and
Cdc6-3 act to promote replication and Cdc6-2 may
act as a negative regulator. Furthermore, Cdc6-1 and
Cdc6-3 are encoded by genes located adjacent to
oriC1 and oriC2. It is possible, therefore, that the dif-
ferential occupancy of the origins by Orc1/Cdc6
homologs during the cell cycle may modulate the
transcription of the neighboring gene. The availabil-
ity of purified Cdc6-1, 2, and 3 and the existence of
a defined in vitro Sulfolobus transcription system
(Qureshi et al., 1997) should permit testing of this
hypothesis in a reconstituted system. Additionally,
with the availability of genetic tools for manipulation
of Sulfolobus it should be possible to test the effects
of deleting or over-expressing Cdc6-2. One clear pre-

diction is that deletion of Cdc6-2, if it does indeed
serve as a negative regulator, would result in 
over-replication of the genome. Conversely, over-
expression of Cdc6-2 would be predicted to result in
a post-replicative arrest of cells in G2.

While it was not possible to discern a clear con-
sensus sequence for origin recognition by Cdc6-2 and
Cdc6-3, it was apparent that conserved elements
were bound by Sulfolobus Cdc6-1 at oriC1 and oriC2
(Robinson et al., 2004). The elements at oriC1,
termed origin recognition boxes (ORBs), contained
an inverted repeat motif flanked on one side by a G-
rich sequence. Interestingly, clear ORB elements
were also identified at the mapped origins in Halobac-
terium and Pyrococcus and at predicted origins in 
other archaeal species. The Sulfolobus oriC2 did not
possess full-length ORB elements, but instead had
sequences, bound by Cdc6-1 that corresponded 
to the core ORB dyad symmetric element; these
smaller (and lower binding affinity) motifs were
termed mini-ORBs or mORBs. mORBs, but not full-
length ORBs, have been also detected in the putative
origin of M. thermautotrophicum (Capaldi & Berger,
2004).

Thus, it is clear that archaeal Orc1/Cdc6 homologs
bind to, and thereby define, origins of replication.
However, the mechanisms by which they lead to the
recruitment of the replicate helicase (widely believed
to be MCM, see below) remains unclear. Likewise
the role of ATP binding and hydrolysis by the
archaeal Orc1/Cdc6s is poorly understood. It is clear
from sequence and structural analyses that the
Orc1/Cdc6s have an N-terminal AAA+ ATPase
domain and a C-terminal winged helix (WH) DNA
binding domain (Liu et al., 2000). Despite the pres-
ence of an ATP binding site, there is no evidence that
nucleotide binding is required for the DNA binding
activity of the Orc1/Cdc6s (Robinson et al., 2004).
However, it has been observed that M. thermau-
totrophicus Orc1/Cdc6s inhibit the helicase activity 
of MCM and do so in a nucleotide-dependent
manner (Shin et al., 2003). It is widely believed 
that the Orc1/Cdc6s will facilitate recruitment of
MCM helicases to the origin(s) of replication.
However, to date this reaction has not been recapit-
ulated in vitro. Whether this is due to trivial reasons
regarding experimental approach and conditions or
indicative of the requirement for additional factors
and/or modifications to the proteins remains
unknown.
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The replicative helicase

The best candidate for the eukaryal replicative heli-
case is the heterohexameric MCM complex com-
posed of six related subunits, MCM2-7 (Labib &
Diffley, 2001). The sequence similarity between
these six subunits suggests that they evolved from a
common, presumably homomultimeric, ancestor
and such a molecule is found in present day Archaea.
Archaeal MCM is a multimer of an approximately 70
kDa monomer. The precise stoichiometry varies with
species, with hexamers present in Archaeoglobus
fulgidus and S. solfataricus (Grainge et al., 2003;
McGeoch et al., 2005), and double hexamers appear-
ing to be the dominant form in M. thermautotrophicus
(Mt) (Chong et al., 2000). Archaeal MCMs have
been shown to be (d)ATP-dependent DNA helicases
in vitro and are capable of melting at least 500 base
pairs of duplex DNA. The crystal structure of the N-
terminal 30kDa of MtMCM has been solved and
reveals a double hexameric organization with indi-
vidual hexamers organized in a head-to-head orien-
tation (Fletcher et al., 2003). These double hexamers
of the MtMCM N-terminal region are extremely
stable, being resistant to even 1M urea, leading to
the suggestion that this region of the MCM may play
a role in facilitating multimerization of the protein.
In this light, parallels have been drawn with the
pseudo-hexameric sliding clamp, PCNA (proliferat-
ing cell nuclear antigen), a processivity factor for
DNA polymerases (see below). An extension of this
analogy is that the N-terminal region of MCM may
act to tether MCM to DNA and thereby facilitate 
processive helicase activity. The circular nature of
MCM presents a topological problem: how is this
molecule loaded onto DNA? Again conceptual 
parallels might be drawn with PCNA. As discussed
below, PCNA is loaded onto DNA by the clamp
loader, RFC, in an ATP-dependent manner. It is
apparent that the ATPase domain of the Orc1/Cdc6
homologs is closely related to the analogous domains
in RFC, leading to the possibility that a complex of
Orc1/Cdc6 molecules may act as ring-opening
loaders for MCM.

Recent work has begun to shed some light on the
mechanisms by which MCM moves along DNA and
separates strands. It is proposed that two sets of β-
hairpin motifs in the N terminal and AAA+ domains
of MCM act to facilitate DNA binding in the central
cavity of the ring-shaped MCM hexamer. Interest-

ingly, mutational analyses have revealed that while
mutation of a conserved lysine in the C-terminal
hairpin to alanine only modestly affects DNA binding
by MCM, it nevertheless abrogates the helicase activ-
ity of the protein. This suggests that this hairpin may
effect the power stroke of the enzyme, coupling ATP
hydrolysis to motion of the protein complex along
DNA (McGeoch et al., 2005; Fig. 14.2).

Primase

The first step in the synthesis of a new strand of DNA
is the production of an oligoribonucleotide primer.
Primers are synthesized from a DNA template by the
activity of the primase enzyme. The bacterial primase
(DnaG) is a single subunit protein, in contrast,
eukaryotic core primase is a heterodimeric protein

ATP

N C
β-hairpins

ADP Empty

N C N C

Hydrolysis Release

ATP

ATP

ADP

ADP

Empty

Empty

(a)

(b)

Fig. 14.2 (a) Cartoon of a monomer of MCM with
the N-terminal and C-terminal putative β-hairpins
indicated. The positioning of the C-terminal hairpin is
shown to vary during the ATP binding, hydrolysis and
release cycle. (b) A cutaway of an MCM hexamer
bound to a flapped DNA substrate is shown, with two
MCM monomers depicted. Motion of the C-terminal
β-hairpins is depicted as driving the MCM complex
along DNA, unwinding duplex ahead of it.
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found in complex with DNA Pol α and polymerase
B subunit (Frick & Richardson, 2001). The het-
erodimeric core primase has a large subunit of 58kDa
and a smaller subunit of 48kDa. The smaller subunit
contains the catalytic RNA primer synthesis ability,
while the large subunit confers regulatory and stabi-
lizing properties to the enzyme.

Initially archaeal primase was thought to be a
monomeric enzyme, as only homologs of the small
eukaryotic subunit were identified, via sequence
similarity, in Methanococcus jannaschii (Desogus et al.,
1999). Biochemical analysis of this subunit identified
a requirement for divalent cations, in particular
Mn2+, for primase activity akin to the eukaryotic cat-
alytic subunit (Desogus et al., 1999). Subsequent
genome sequence searches of the euryarchaeal
species M. jannaschii, M. thermautotrophicus, A.
fulgidus, Halobacterium sp. and Pyrococcus sp. identified
open reading frames homologous to both the large
and small subunits of eukaryotic primase (Bocquier
et al., 2001; Matsui et al., 2003). Biochemical analy-
sis of the P. horikoshii primase established distinct
functions for each of these subunits, with the small
subunit being the catalytic subunit for primer syn-
thesis, the large subunit C-terminal half being
responsible for the DNA binding affinity of the
enzyme, and the large subunit N-terminal half for
the correct tethering of the catalytic subunit to the
DNA binding domain (Matsui et al., 2003). Surpris-
ingly, these biochemical investigations also high-
lighted the unique ability of archaeal primase to
utilize dNTPs as well as NTPs in primer synthesis; 
this has not been observed in eukaryotic primases
(Matsui et al., 2003). The crystal structure of P.
horikoshii primase established that the active site
pocket of the primase was of sufficient size to accom-
modate two NTPs for dinucleotide formation and
primer initiation (Ito et al., 2003), as had previously
been speculated for eukaryotic primases (Frick &
Richardson, 2001), and that this NTP binding was
DNA template-independent (Ito et al., 2003). It was
noted that the positioning of aspartate residues in the
active site closely resembles that of family X DNA
polymerases, and that these are essential for the
nucleotidyl transfer reaction (Ito et al., 2003).

The first crenarchaeal primase was identified in S.
solfataricus, and was also identified as a heterodimeric
protein (Lao-Sirieix & Bell, 2004). The biochemical
analysis indicated that the capability of this protein
to incorporate both dNTPs and NTPs for dinucleotide

formation was most likely a characteristic of all
archaeal primases and not just a feature of those
found in the euryarchaeal sub-domain. However, it
is most likely that RNA primers will be synthesized
in vivo due to the higher affinity for NTPs than dNTPs,
which was observed, and the presumed greater
abundance of NTPs in the cell (Lao-Sirieix & Bell,
2004). Uniquely, terminal transferase activity was
also observed for this primase. Recently, the crystal
structure of the heterodimeric Sulfolobus enzyme has
been solved, revealing that the large subunit is phys-
ically distant from the active site of the enzyme and
suggesting a model whereby this subunit may act 
to count the length of the primer synthesized 
(Lao-Sirieix et al., 2005a).

It was postulated that, as there is an absence of
DNA Pol α in Archaea, the primase may be required
for both primer formation and elongation (Lao-
Sirieix & Bell, 2004). Family X DNA polymerases are
known to possess terminal transferase activity and
the aspartate conformation in primases resembles
that of DNA Pol X (Ito et al., 2003; Lao-Sirieix et al.,
2005a). As there are no known homologs of family
X DNA polymerases in this species, these data taken
together lead to the further speculation that primase
might be of importance in DNA repair pathways
(Lao-Sirieix & Bell, 2004; Lao-Sirieix et al., 2005b).

Short Okazaki fragments, akin to those found in
eukaryotes, and much shorter than those found 
in Bacteria, have been identified in Archaea 
(Matsunaga et al., 2003). These fragments are gen-
erated on the lagging strand of replication, and are
initiated by the primase enzyme that primes DNA
sites at regular intervals. Representatives of the eur-
yarchaeal sub-domain P. abyssi and the crenarchaeal
sub-domain S. acidocaldarius were utilized in the
identification of these fragments. In both cases the
fragment was seen to be approximately 100 bases in
length and, in P. abyssi, to occur at a frequency of
40–60 bases between fragments (Matsunaga et al.,
2003). The structure of the RNA/DNA fragment for
P. abyssi was further studied and revealed a striking
similarity to those previously observed in Drosophila
cells and Saccharomyces cerevisiae (Matsunaga et al.,
2003). Nucleosomal structure and chromosomal
organization vary significantly between these two
sub-domains yet Okazaki fragment length and the
number of fragments initiated per second are very
similar indicating that nucleosomal structure does
not affect this processing (Matsunaga et al., 2003).
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DNA polymerase

Primers, generated by primase complexes, are
extended by DNA polymerases. DNA polymerases,
based on phylogenetic relationships, are divided into
six families: A, B, C, D, X, and Y (Savino et al., 2004).
Eukaryotic DNA synthesis requires three B family
polymerases: Pol α, Pol δ and Pol ε (Hubscher et al.,
2002). Pol δ and Pol ε are the major replicative poly-
merases, with Pol δ acting on the lagging strand, and
both acting on the leading strand of DNA replication
(Fukui et al., 2004), while Pol α is involved in lagging
strand Okazaki fragment synthesis, with switching of
Pol α and Pol δ taking place (Maga et al., 2001).

It was initially thought that the archaeal replica-
tive polymerases were family B enzymes. It was 
later established that, whilst multiple B family poly-
merases are a feature of Crenarchaea, such as Aeropy-
rum pernix, which has had two homologs identified
from cell extracts (Cann et al., 1999a), euryarchaeal
DNA replication is thought to require both a B family
polymerase and another, unique, heterodimeric
polymerase, Pol D (Cann et al., 1998). Pol D com-
prises two subunits, DP1 and DP2, DP2 being the
polymerase domain and DP1 the 3′–5′ exonuclease
domain.

Recent work has demonstrated a novel function
associated with the archaeal B family DNA poly-
merases. They were found to possess a “read ahead”
recognition pocket for uracil bases produced as a
result of cytosine deamination. This recognition
pocket is located in the N-terminal region of the
polymerase and, upon binding the uracil base, halts
DNA replication four bases from the primer/template
junction, and prevents the mutation of C–G base
pairing to T–A pairing (Fogg et al., 2002). This
feature would be particularly important for those
Archaea that inhabit high temperature environ-
ments, as deamination is more prevalent under these
conditions, and genetic integrity would be rapidly
lost by these organisms (Fogg et al., 2002).

The functional interplay between Pol B and Pol D
in the Euryarchaea has been the subject of a recent
study. Both are candidate replicative polymerases,
but they possess different biochemical properties and
may perform specific roles at the replication fork
(Henneke et al., 2005). Pol D can perform primer
extension of both RNA and DNA primers and addi-
tion of PCNA (see below) stimulates this extension
(Henneke et al., 2005). In contrast, Pol B only

extends DNA primers, and these can be extended to
the full length of the template in the absence of
PCNA. The inability of Pol B to extend RNA primers
cannot be overridden by the addition of PCNA
(Henneke et al., 2005). Other differences between
the polymerases lie in their abilities to perform strand
displacement synthesis; Pol D readily achieves strand
displacement of DNA primers, but RNA primers 
can only be displaced by Pol D in the presence of
PCNA. Conversely, Pol B is incapable of achieving
strand displacement unless PCNA is present, in
which case only DNA primers can be displaced
(Henneke et al., 2005). These data led the authors to
predict a model in which Pol B functions as the
leading strand polymerase, extending initial products
generated by Pol D, and Pol D is also the lagging
strand polymerase.

As the Crenarchaea contain more than one B
family homolog it is tempting to speculate that, as is
seen in the eukaryotic domain, the euryarchaeal sub-
domain, and some members of the bacterial domain,
these homologs may also have specific roles at the
replication fork.

PCNA

Eukaryotic PCNA is a DNA polymerase processivity
factor for the two major replicative DNA poly-
merases, Pol δ and Pol ε. This protein has been
described as the “sliding clamp” and serves to tether
DNA polymerase to the replication fork and stimu-
late DNA polymerase activity, as well as to act as a
docking platform for several other accessory proteins
involved in DNA replication such as FEN 1 (flap
endonuclease) and DNA ligase (Warbrick, 2000).
PCNA also has a role outside of DNA replication: it
is required for DNA repair pathways and acts as a
docking platform for accessory proteins in much the
same manner.

In Bacteria, the analogous sliding clamp is the β
subunit of the Pol III holoenzyme. The β clamp is a
homodimeric protein complex, while eukaryotic
PCNA is homotrimeric. These complexes both 
share a striking superficial structural resemblance,
however, and the crystal structures can, in fact, be
superimposed (Matsumiya et al., 2001). These
doughnut shaped complexes have a positively
charged central channel large enough to accommo-
date a double helix of DNA (Fig. 14.3).

GAR14  9/15/06  3:54 PM  Page 166



DNA REPLICATION AND THE CELL CYCLE 167

The archaeal “sliding clamp” is a homolog of
eukaryotic PCNA in all sequenced archaeal genomes
(Cann & Ishino, 1999). Biochemical analysis of the
P. furiosus homolog revealed that this protein stimu-
lates primer extension in vitro by the two replicative
DNA polymerases in this species, Pol B and Pol D
(Cann et al., 1999b). Interactions were observed
between PCNA and Pol B, and also between PCNA
and the DP2 catalytic subunit of Pol D. An interac-
tion between PCNA and the clamp loader RFC (see
below) was also detected. Further analysis via dimer-
ization suggested that the active form of this protein
is a trimer, homologous to eukaryotic PCNA (Cann
et al., 1999b). The sequence and structural similari-
ties between the eukaryotic and archaeal PCNA
homologs are so well conserved that P. furiosus PCNA
is able to stimulate the primer extension activity of
eukaryotic Pol δ from calf thymus using linear DNA
as a template (Ishino et al., 2001). Furthermore, on
the addition of human RFC, circular DNA can be
used as a template for primer extension by Pol δ and
enhances the pfuPCNA-dependent DNA synthesis
activity of Pol δ (Bocquier et al., 2001). This indicates
that human RFC works as the clamp loader for
archaeal PCNA. The primer extended products are
shorter than would be produced with human PCNA,
but this is probably due to weaker interactions
between the proteins, and a higher dissociation rate
as a result (Ishino et al., 2001).

Phylogenetic analysis of archaeal PCNA homologs
revealed that Euryarchaea contain a single homolog
of PCNA, while the Crenarchaea possess more 

than one homolog; this duplication is hypothesized
to have occurred by gene duplication after the 
Euryarchaea and Crenarchaea lineages split. In fact,
three homologs of PCNA are encoded by some
members of the crenarchaeal lineage (Daimon et al.,
2002; Dionne et al., 2003). Interactions between the
three PCNA homologs encoded by A. pernix and the
two replicative DNA B family polymerases Pol I and
Pol II were investigated (Daimon et al., 2002).
PCNAs 1 and 2 coprecipitate, but no interaction was
seen between PCNA3 and either of the other
homologs. Individually all three PCNA homologs
were able to stimulate polymerase activity in this
species; notably PCNA3 stimulated primer extension
approximately 200-fold. There is no additional
improvement on the stimulation levels previously
observed when both PCNA1 and 2 are assayed simul-
taneously (Daimon et al., 2002). From these data the
authors hypothesized that PCNA3 is the replicative
PCNA and that the PCNA1 and PCNA2 complex
might be required in other cellular processes such 
as the stimulation of repair polymerase activity.
Remarkably, the three PCNA homologs encoded by
S. solfataricus are active solely in a heterotrimeric
complex (Dionne et al., 2003). It was determined
that the formation of this complex required PCNA1
to bind to PCNA2 initially and only then was PCNA3
able to bind (Dionne et al., 2003). Specific interac-
tions were also detected between PCNA1 and 3 and
other known replicative accessory factors, FEN1 and
ligase, respectively. Sequence analysis of both Pol B1
and FEN1 protein residues detected the presence of

β-clamp PCNA

Subunit 1 Subunit 2

Subunit 1 Subunit 2

Subunit 3

Fig. 14.3 Crystal structures of bacterial and archaeal/eukaryal sliding clamps. Images were generated using
Pymol (www.pymol.org) and PDB coordinates 1UNN and 1VYM. Dashed lines indicate the approximate positions
of inter-subunit interfaces.
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PIP (PCNA interacting protein) motifs, which are
highly conserved compared to those found in analo-
gous eukaryotic accessory proteins (Dionne et al.,
2003). Furthermore, PCNA3 was seen to interact
specifically with the large subunit of RFC, RFCL, and
the PCNA1/2 complex with the RFC heterote-
trameric small subunits, RFCS. Thus a model was
derived whereby RFCL binds PCNA3, RFCS binds
PCNA1/2, and ATP binding to RFC leads to a con-
formational change within the RFC, which in turn
opens the PCNA ring; the PCNA ring then closes
around the DNA and hydrolysis of the ATP allows
recycling of the RFC (Dionne et al., 2003). The inter-
actions between PCNA and RFC are discussed in
greater detail below.

The archaeal PCNA toroidal structure is main-
tained via intermolecular hydrogen bonds, and
eukaryotic toroidal PCNA structure is maintained by
the use of hydrophobic contacts in addition to the
hydrogen bonds. The P. furiosus PCNA crystal struc-
ture revealed conformational flexibility in each
domain, and this is presumably linked to the loading
and unloading of PCNA onto DNA (Matsumiya et al.,
2001).

RFC

RFC, replication factor C (γ complex in Bacteria), is
the clamp loader that loads PCNA (β clamp) onto a
primer-template junction of DNA. In all three
domains of life this is a five-subunit complex. This
complex possesses ATPase activity, which is stimu-
lated when bound to both the clamp and DNA; as
such, clamp loaders are members of the AAA+ super-
family of proteins.

Bacterial γ complex comprises three different 
subunits, γ, δ, and δ′ at a stochiometry of γ3:δ:δ′
(Jeruzalmi et al., 2001). Eukaryotic RFC comprises
one large subunit, RFC1, and four smaller subunits,
RFC2–5 (O’Donnell et al., 2001).

Archaeal RFC also comprises one large and four
small subunits, but the four subunits are identical
(Seybert et al., 2002). There is a high sequence sim-
ilarity between the five eukaryotic RFC subunits and
archaeal RFC subunits, and the most highly con-
served regions, denoted RFC boxes I–VIII in eukary-
otic RFC subunits, are also very highly conserved in
Archaea (Cann & Ishino, 1999).

Clamp loader structural and mechanistic infor-
mation was initially derived from the bacterial
homologs. The δ subunit of the γ complex is the only
subunit that contacts the β clamp. It was hypothe-
sized that, by an induced fit mechanism, the δ
subunit binds between domains II and III of the β
clamp, leading to a conformational change in the 
β clamp resulting in the opening of the clamp ring
(Jeruzalmi et al., 2001). ATP hydrolysis by the other
subunits was suggested to render the δ subunit inac-
cessible to the β clamp, resulting in the release of the
clamp onto the DNA. The δ subunit was therefore
proposed to be the “wrench” in the bacterial
homolog and RFC1 was hypothesized to perform the
same function in eukaryotes (Jeruzalmi et al., 2001).
Subsequent crystal structure analysis of the γ
complex revealed that the five subunits bind,
forming a closed ring structure at their C-terminals,
while the ring remains open at the N-terminus, with
the δ subunit being displaced the most from this
structure (Jeruzalmi et al., 2001). It was surmised
that sequential binding of ATP molecules to the γ
subunits would lead to conformational changes in
the γ complex, causing the δ subunit to swing out to
allow binding to the clamp. Subsequent hydrolysis,
triggered by DNA, would reset the closed structure
of the γ complex and release the β clamp onto the
DNA (Jeruzalmi et al., 2001). The structural infor-
mation from the γ complex was used to predict the
architecture of the eukaryotic RFC complex and
highlighted particular structural similarities between
the δ subunit and RFC1 (the PCNA binding subunit),
the γ1–γ3 subunits and RFC2–4 (the ATP binding
domains), and the δ′ stator subunit and RFC5
(O’Donnell et al., 2001). Molecular modeling sup-
ports this hypothesis and further infers that the
PCNA is contacted by three of the RFC subunits,
RFC1, RFC3, and RFC5, with decreasing affinity on
ATP binding.

The structure of the archaeal RFC small subunit
can be superimposed on that of the δ subunit from
the γ complex. Seven of the eight RFC boxes,
common to clamp loaders, are highly conserved and
are distributed around the nucleotide binding site
(Oyama et al., 2001). Mutational analysis deter-
mined that archaeal RFCS oligomerize via the C ter-
minal regions akin to the crystal structure of bacterial
γ complex (Jeruzalmi et al., 2001). Biochemical char-
acterization of Archaeoglobis fulgidus RFC determined
that ATP binding stimulated the interaction between
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RFC and PCNA, and that subsequent ATPase activity
of this protein complex is increased by PCNA, which,
in turn, strongly depends on the presence of DNA,
but not RNA. Thus, at a primer template junction it
is likely that the RFC contacts the DNA moiety of the
RNA/DNA primer (Seybert et al., 2002). Electron
microscopy was employed for the visualization of 
the RFC–PCNA–DNA structure. Overall, the archaeal
homologs strongly resemble the yeast clamp/clamp
loader structure. However, contrary to the E. coli γ
structure and the eukaryotic RFC structure, it is not
a closed ring that is formed by the C-terminal regions
of the RFC complex but a horseshoe shape (Miyata
et al., 2004). This structure allows for the release of
DNA from the RFC after successful PCNA loading.
This structure was determined in the presence of
non-hydrolyzable ATPγS yet a closed PCNA ring is
visualized, and therefore ATP hydrolysis is not
required for PCNA ring closure (Miyata et al., 2004).
Distinct roles for ATP binding and hydrolysis for
archaeal RFC were later attributed to specific sub-
units (Seybert & Wigley, 2004). In the presence of
DNA and PCNA the AfRFC binds four ATP molecules:
one binds to the large subunit and one ATP molecule

is bound to each of three of the small subunits. ATP
hydrolysis of the ATP molecules bound to the RFCS

subunits is required for PCNA release from RFC,
while hydrolysis of the ATP molecule bound to RFCL

is required for the recycling of the RFC complex
(Seybert & Wigley, 2004).

Concluding remarks

We now have a wealth of mechanistic knowledge
about the function and form of individual archaeal
DNA replication proteins. It is clear that it will be
important to begin to integrate these various proteins
into higher order systems to begin to attempt the in
vitro reconstitution of defined replication systems.
This will be a considerable technical challenge
further complicated by the fact that it is currently
unclear whether we even know the identities of all
the players involved. Beyond the technical complex-
ities of the biochemical analyses of DNA replication,
it will be of great importance to begin to unravel the
regulatory networks that govern and drive progres-
sion of the archaeal cell cycle.
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Introduction

The chapters of this book that deal with DNA replication and transcription are a clear testament to the fun-
damental conservation of the machinery of information processing in the Archaea and Eukarya. Indeed, this
conservation is so strong at the level of protein structure that archaeal DNA replication and transcription pro-
teins have been prime targets for structural biology, and have yielded many insights relevant to the equiva-
lent eukaryal proteins. Studies of DNA repair have tended to lag behind those of replication and transcription.
Historically, the issue of DNA damage was not appreciated, even though the structure of the DNA duplex
suggested how an undamaged strand could act as a template for repair, as well as replication. The DNA repair
field is now a fiercely competitive and highly productive one, initially focusing on E. coli, followed by yeast
and latterly higher eukaryotes. There are important goals in the treatment and prevention of cancer, as well
as more basic research prerogatives. Understandably, archaeal DNA repair has played Cinderella to her two
sister domains. For one thing, an appreciation of the Archaea as a distinct domain of life only impinged on
the consciousness of the general scientific community with the advent of whole genome sequencing in the
past ten or so years. Second, a lack of defined genetic systems in the Archaea has retarded studies of DNA
repair – a particular problem, as genetic studies in Bacteria and yeast have been so enlightening in this area.
As we shall see, much of the recent progress has highlighted both the similarities of Archaea and Eukarya,
and the unique nature of Archaea, and there are many unanswered questions that promise interesting and
surprising answers.

Although the DNA duplex is rather chemically inert, it is subject to many types of modification and decay
that arise from interactions with its chemical environment, in addition to external factors such as UV and
ionizing radiation. It is now well understood that every cell in the human body suffers many thousands of
damage events every day, and the same is true for microorganisms (Lindahl, 1993). Clearly this background
rate of largely unavoidable DNA damage must be resisted, so all organisms devote a considerable portion of
their coding potential to proteins that repair damaged DNA. These pathways can be classified in a variety of
ways. Commonly they are classified as excision pathways, comprising base excision repair, mismatch repair,
and nucleotide excision repair; direct reversal and error bypass; double strand break repair, and pathways for
the rescue of stalled or collapsed replication forks. Overlying these pathways are the control mechanisms that
coordinate the response to DNA damage at a transcriptional or post-translational level (Fig. 15.1). These are
dealt with in turn.

15
DNA repair

Malcolm F. White
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Base excision repair

The base excision repair (BER) pathway repairs spe-
cific DNA bases modified or damaged as a result 
of simple chemical processes such as oxidation,
hydrolysis, and methylation (Fig. 15.2). These forms
of damage are frequent and unavoidable in all 
organisms from humans to microbes, and are likely
to occur at increased frequency in hyperther-
mophiles as a consequence of elevated temperatures.
Archaea in general possess a spectrum of specific
BER glycosylases for modified bases such as uracil
and 8-oxoguanine (Table 15.1). These enzymes rec-
ognize and remove modified DNA bases to generate
an abasic site. Sometimes they also cleave the DNA
backbone next to the damage site. These repair gly-
cosylases are often coupled with an AP (apurinic or
apyrimidinic) endonuclease that processes the result-
ant abasic sites and modified 3′ termini in DNA. This
generates DNA duplexes with a small gap in one
strand that are closed by DNA synthesis by DNA
polymerase and finally nick ligation by a DNA ligase.
In the crenarchaeote Pyrobaculum aerophilum, this
pathway has been reconstituted in vitro. Repair of a
G–U mismatch in DNA to a G–C base pair was
observed upon incubation of the mispaired DNA
with purified recombinant uracil DNA glycosylase,
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Fig. 15.1 Overview of DNA damage and repair processes. DNA is damaged in many different ways by
environmental and chemical factors. DNA lesions and modifications are recognized and repaired by a variety of
repair pathways with overlapping specificities. In most organisms the response to DNA damage is coordinated at
the transcriptional and post-translational level.

Fig. 15.2 Schematic representation of base 
excision repair. Damage to specific bases is recognized
by specific DNA glycosylases, which remove 
damaged bases, often creating abasic sites and/or
modified 3′ DNA ends that are in turn processed to
produce a substrate for DNA polymerase to read the
undamaged template strand and repair the duplex
DNA structure.
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AP endonuclease IV, DNA polymerase, and DNA
ligase (Sartori & Jiricny, 2003). This suggests that
BER in Archaea conforms to the paradigm observed
in Bacteria and Eukarya, and that BER is essentially
a universally conserved repair pathway across the
three domains. The observation that hyperther-
mophiles appear to get along with a fairly standard
set of BER enzymes probably reflects the very high
efficiency with which these enzymes recognize and
remove damaged bases.

Recent studies, however, have uncovered some
quirks in archaeal BER where novel enzymes or
enzyme combinations have been identified. One
example is a protein from the euryarchaeote Ferro-
plasma acidarmanus that couples an O6-alkylguanine-
DNA alkyltransferase (AGT) domain with a domain
homologous to E. coli endonuclease V (nfi gene
product). The resultant protein (AGTendoV) can
remove both O6-alkylguanine lesions and a variety of

deaminated base products such as uracil and hypox-
anthine from DNA in vitro (Kanugula et al., 2005).
This unusual combination of activities has been
detected in the genomes of Picrophilus torridus and
the Thermoplasmas and may thus reflect an adapta-
tion to aerobic growth at extremely low pH. A second
example is the discovery of an archaeal-specific 8-
oxoguanine DNA glycosylase (AGOG) (Sartori et al.,
2004). 8-Oxoguanine is an important premutagenic
lesion formed by the oxidation of guanine. Many
archaeal genomes, including the Sulfolobales and
Thermoplasmas, encode an ortholog of the well char-
acterized eukaryal OGG1 glycosylase, which removes
8-oxoguanine mispaired with cytosine. However,
other Archaea, including Pyrobaculum aerophilum and
the Pyrococcus species, lack this gene. Using a bio-
chemical approach, Jiricny and coworkers identified
a novel 8-oxoguanine glycosylase (AGOG) as the
primary glycosylase for removal of 8-oxoguanine in

DNA REPAIR 173

Table 15.1 Distribution of base excision repair proteins in sequenced archaeal genomes.

Species Endo IV Endo V OGT UDG IV HhH glycos Temp (°C)

A. pernix 1 1 1 1 3 95
P. aerophilum 1 1 1 2 4 95
S. solfataricus 1 1 1 2 3 80
S. tokodaii 1 1 1 2 4 80
S. acidocaldarius 1 1 1 2 2 75
M. kandleri 1 1 2 100
P. furiosus 1 1 1 1 2 100
P. horikoshii 1 1 1 1 2 100
P. abyssi 1 1 1 1 2 100
T. kodakaraensis 1 1 1 1 2 85
N. equitans 1 1 1 1 1 85
M. jannaschii 1 1 3 85
A. fulgidus 1 1 1 3 85
M. thermoauto 1 1 4 70
P. torridus 1 1 3 3 60
T. acidophilum 2 1 1 1 4 60
T. volcanium 2 1 1 1 4 60
M. acetivorans 1 1 1 5 <40
M. mazei 1 1 1 5 <40
H. marismortui 1 4 6 <40
Halobacterium 1 3 5 <40

Crenarchaea are at the top, followed by euryarchaeal species, ranked by growth temperature. The number of each
repair gene in each genome is indicated. Enzymes shown are: endonuclease IV (AP lyase and oxidative damage);
endonuclease V (deoxyinosine); OGT (O6-methylguanidine cysteine methyltransferase); UDG IV (archaeal specific
uracil DNA glycosylase) and HhH superfamily members (wide specificity, includes exonuclease III, UDG, 8-oxoguanine
glycosylases).
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Pyrobaculum aerophilum. AGOG is present in many of
the sequenced archaeal genomes that lack OGG1
(Sartori et al., 2004).

The structure of AGOG has revealed a new class
of the helix–hairpin–helix superfamily of DNA repair
glycosylases (Lingaraju et al., 2005). Many of the gly-
cosylases involved in BER are members of this super-
family, whose members have diverse specificity for
oxidized, deaminated, alkylated, and mismatched
bases, as well as AP lyase activity (Lingaraju et al.,
2005). A glance at Table 15.1 shows that there is no
obvious correlation between growth temperature
and the number of these genes in archaeal genomes.
For example, Methanopyrus kandlerii has only two
representatives of the glycosylase superfamily, while
the mesophilic Methosarcinas and Haloarcula have five
and six, respectively. While there is some correlation
with genome size, it is possible that species living in
surface environments are exposed to a more diverse
array of base modifications, and therefore require a
larger complement of BER glycosylases.

Uracil scanning polymerases

Archaea do have a very clever trick up their (figura-
tive) sleeves when it comes to replication of DNA
containing uracil. Uracil arises in DNA due to deam-
ination of cytosine residues, which creates a promu-
tagenic U–G base pair. As uracil closely resembles the
structure of thymine, bacterial polymerases replicate
happily past uracil by incorporating an adenine in
the new strand, thus fixing a CG to TA mutation. This
is also one of the most common types of mutation
found in eukaryal organisms. However, the archaeal
replicative B family DNA polymerases stubbornly
refuse to pass a uracil in the template DNA and
instead replication is stalled. An explanation for this
phenomenon has now arisen from structural and
biochemical studies. It turns out that archaeal poly-
merases have a pocket specific for uracil in the N-
terminal domain. This functions as a “read ahead”
domain, and when uracil is present in the template
it binds in the pocket, stalling the polymerase. Muta-
genesis of the pocket abolishes stalling (Fogg et al.,
2002). It must be assumed that the stalled poly-
merase participates in some form of “hand-over” of
the uracil lesion to a uracil glycosylase for repair, in
a similar way to the hand-overs seen in other

members of the BER pathway. Although the molec-
ular details of this pathway are not yet defined, the
observation that uracil glycosylase UDG1 from 
Sulfolobus solfataricus interacts specifically with 
the sliding clamp PCNA, which also interacts with
the DNA polymerase, suggests a mechanism for the
hand-over (Dionne & Bell, 2005).

Conclusions and future perspectives

BER is probably the most ubiquitous and best char-
acterized repair pathway. While there are some pecu-
liarities in Archaea such as fused genes, novel
subfamilies of the HhH glycosylase superfamily and
unusual substrate specificities, the Archaea seem to
conform in general to the paradigm established from
studies of BER in Eukarya and Bacteria. One excep-
tion is the emerging evidence for a link between
DNA replication and the removal of uracil from DNA,
where the Archaea appear to have evolved a unique
proofreading mechanism involving a uracil-detecting
read-ahead function in the replicative polymerase.
The links between this novel uracil-detection mech-
anism and the downstream processing of lesions to
allow replication to resume are likely to uncover
interesting new examples of interactions between
replicative and repair proteins.

Mismatch repair: 
desperately seeking proteins

The mismatch repair (MMR) pathway corrects mis-
incorporated bases introduced primarily during DNA
replication, and involves steps of mismatch detec-
tion, nicking of the newly synthesized strand, exci-
sion of a stretch of DNA including the mismatch, and
gap filling by replication and ligation (reviewed in
Kunkel & Erie, 2004). In E. coli the pathway is well
defined, but the details are considerably less clear in
Eukarya and even in other Bacteria. Common to all,
though, are homologs of the mismatch detection
proteins MutS and MutL. These proteins are absent
from most archaeal genomes (Table 15.2). Their pres-
ence is restricted to low temperature Archaea, and
like the UvrABC proteins with which they tend to
coincide, they are likely to have reached the Archaea
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by lateral gene transfer from Bacteria. This has left
the identity and even existence of an archaeal MMR
pathway open to question. It has been suggested, for
example, that the archaeon Pyrobaculum aerophilum
lacks a functional MMR pathway (Fitz-Gibbon et al.,
2002), while on the other hand studies of mutation
rates in Sulfolobus acidocaldarius suggest a very low
error frequency, consistent with functional MMR
(Grogan et al., 2001; Chapter 12 in this volume).
Recent data indicate that the Sulfolobus single-
stranded DNA binding (SSB) protein can detect and
melt mismatches in vitro, and a role for the protein
has been proposed in the detection of a variety of dif-
ferent types of DNA damage (Cubbedu & White,
2005). However, there are currently no functional
studies to underpin this observation. The controversy
may not be simply resolved by genetic studies, as the
genetically tractable organisms have bacterial MMR
proteins. In this case a biochemical approach may be
required to identify the archaeal MMR pathway, if
indeed it exists.

Damage reversal and bypass

UV radiation is a potent DNA damaging agent for all
organisms exposed to the sun (not least in humans;
sunburn is by far the most common type of radiation
damage we suffer). For the Archaea, there is a fun-
damental split between the deep sea species, which
are never exposed to UV, and the surface organisms,
which must cope with UV damage to a greater or
lesser extent, depending on their lifestyle. UV radia-
tion causes a wide spectrum of DNA damage includ-
ing the two major lesions, cyclopyrimidine dimers
(CPDs) and 6,4-photoproducts, which cross-link
adjacent pyrimidines, resulting in a distortion of the
DNA duplex and acting as a block to DNA replication
and transcription. The most efficient way to remove
photoproducts is to directly reverse the changes in
bonding that create them, and this is achieved by the
enzyme photolyase, which uses the energy from
visible light to excite an electron that is used to reor-
ganize bonding and reverse the damage caused by
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Table 15.2 Distribution of putative archaeal nucleotide excision repair proteins (XPF, XPB, XPD & Fen1), 
error bypass polymerase Dpo4, photolyase, and homologs of bacterial UvrABC and MutSL (indicated “B”).

Species XPF XPB XPD Fen1 Dpo4 Photolyase Uvr ABC MutS MutL

A. pernix 1 1 1 1
P. aerophilum 1 2 1 1
S. solfataricus 1 2 1 1 1 1
S. tokodaii 1 2 2 1 1 1
S. acidocaldarius 1 2 1 1 1 1
M. kandleri 1 1
P. furiosus 1 2 1 1
P. horikoshii 1 2 1 1
P. abyssi 1 2 1 1
T. kodakaraensis 1 1 1 1
N. equitans 1 1 1
M. jannaschii 1 1 1
A. fulgidus 2 1 1
M. thermoauto 1 1 1 B
P. torridus 1 1 1 1 1
T. acidophilum 1 1 1
T. volcanium 1 1 1
M. acetivorans 1 1 1 1 1 1 B B
M. mazei 1 1 1 1 1 1 B B
H. marismortui 1 2 1 1 3 B B
Halobacterium 1 2 1 1 1 2 B B

Details are as for Table 15.1.
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UV radiation (Weber, 2005). This is sometimes called
the “light repair pathway,” and is notable as one of
the few repair pathways that do not require DNA
synthesis. Halobacterium NRC1 is much more resist-
ant to UV radiation when allowed to recover in the
light compared with the dark, suggesting that the
light repair pathway predominates for UV damage
repair in the organisms encoding photolyases (Baliga
et al., 2004).

Unrepaired photoproducts prevent DNA replica-
tion by stalling replicative DNA polymerases, but a
specialized family of error bypass polymerases can
replicate past these lesions. The best characterized is
Dpo4 (or DinB) from Sulfolobus solfataricus, a member
of the Y family of error prone polymerases. Dpo4 can
bypass UV photoproducts such as CPDs and abasic
sites (Ling et al., 2003, 2004). This allows DNA
damage to be bypassed and replication to proceed.
However, translesion synthesis does come at a cost.
Although Dpo4 is remarkably adept at incorporation
of adenine residues opposite TT photoproducts in a
template strand, misincorporation can occur opposite
the 3′ thymine of a CPD, resulting in mutation
(Kokoska et al., 2002). As one might expect, photo-
lyases are only found in surface dwelling organisms
(Table 15.2) – after all, deep sea microbes will not
experience photoproduct lesions nor have the means
to catalyze light repair. There is also a very strong
correlation in the presence of photolyase and a
Dpo4-type polymerase, suggesting that the primary
function of these specialized enzymes is in bypass of
UV photoproducts rather than the other types of
lesion that they can bypass in vitro.

Nucleotide excision repair

Photoproducts and other helix-distorting DNA
lesions in Bacteria and Eukarya are removed by the
nucleotide excision repair (NER) pathway, which
excises a patch of DNA containing the damage, cre-
ating a gap that is filled by DNA polymerase using
the undamaged strand as a template (Fig. 15.3). This
is sometimes called the “dark repair pathway” to 
differentiate it from direct repair by photolyase. 
Bacterial and eukaryal NER proteins are unrelated:
Bacteria utilize the UvrABC proteins, which remove
a patch of about 12nt (van Houten et al., 2005),
whereas Eukarya have a much more complex
machinery that creates a patch of about 28nt. Some

Archaea have clear orthologs of the UvrABC pro-
teins, but these are confined to low temperature
species, and are clear examples of lateral gene trans-
fer (LGT) from Bacteria (Grogan, 2000) (Table 15.2).
Regardless of the presence of UvrABC, most Archaea
have a number of homologs of the eukaryal NER
proteins, including the helicases XPB and XPD, and
the nucleases XPF and Fen1/XPG (Table 15.2). This
includes the case of Nanoarchaeum equitans, which
has a highly streamlined genome and thus would be
expected to encode a minimal set of repair proteins
(Waters et al., 2003). This has led to the suggestion
that the archaeal NER pathway may be a simpler
version of the eukaryal one (Grogan, 2000; 
White, 2003). While this is an attractive hypothesis,
it remains unproven at present, and there are 
significant caveats. First, there is no published 
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Fig. 15.3 Nucleotide excision repair. Helix-distorting
DNA lesions such as photoproducts are removed by
unwinding the DNA around the lesion, followed by
cleavage on either side to release a patch containing
the damage, allowing repair synthesis to proceed. In
Bacteria, the UvrABC proteins accomplish this, with a
patch size of around 10nt, whereas in Eukarya many
more proteins are required, and a patch size of
around 30nt is generated. The archaeal NER pathway
is not yet known.
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experimental evidence reporting NER-like patch
repair in Archaea lacking UvrABC. Second, there are
no obvious archaeal homologs of the DNA damage-
sensing proteins XPA and XPC. This may not be too
great a hurdle, however, as these proteins appear to
be absent from the genomes of higher plants, and
may therefore be a more recent addition to the core
NER pathway. Third, most of the proteins implicated
in NER also perform other roles in the cell. For
example, Fen1 is required for processing of Okazaki
fragments during replication, and eukaryal XPB has
dual roles in transcription and repair (Winkler et al.,
2000). Further, not all Archaea encode all the poten-
tial NER proteins (Table 15.2). For example, the
Thermoplasmatales lack an XPF homolog, and
several species lack XPB, XPD, or both helicases.

The XPF endonuclease

One potential archaeal NER protein that has been
studied extensively is the nuclease XPF. In Eukarya,
XPF cuts splayed duplex and bubble substrates on the
5′ side of DNA lesions. The eukaryal enzyme is a het-
erodimer of the nuclease XPF and the ERCC1 protein
(Fig. 15.4). The XPF subunit consists of a degenerate
helicase domain at the N-terminus, a central nucle-
ase domain, and a C-terminal helix–hairpin–helix
(HhH2) DNA-binding domain. The ERCC1 subunit 
is shorter, with a degenerated nuclease domain 
for protein :protein interactions, coupled with a C-
terminal HhH2 domain. Structural and biochemical
studies of the archaeal homologs have been very
valuable in understanding the eukaryal enzyme. In
Euryarchaea, the XPF homolog (also known as
“Hef”) is a homodimer with remarkable similarity to
the eukaryal XPF subunit organization (Nishino 
et al., 2003), with the exception that the helicase
domain is a functional helicase (Komori et al., 2004).
In Crenarchaea, the helicase domain is absent, and
the homodimeric enzyme consists of only the nucle-
ase and HhH2 domains (Roberts et al., 2003;
Newman et al., 2005) (Fig. 15.4). This immediately
suggests an evolution of the XPF enzyme from a
homodimeric nuclease related to the Holliday junc-
tion resolving enzyme Hjc, with acquisition of an 
N-terminal helicase domain in Euryarchaea. Subse-
quent gene duplication and functional diversification
of the second subunit, which is not required to be an
active nuclease as the enzyme cleaves only a single

DNA strand, may have resulted in the heterodimeric
eukaryal enzyme that makes interactions with other
repair proteins. One further unexpected property of
the crenarchaeal XPF enzyme has been observed: an
almost absolute requirement for the sliding clamp
PCNA for nuclease activity (Roberts et al., 2003).
PCNA is regarded as a processivity factor for enzymes
such as polymerases and the 5′ flap endonuclease
Fen1 (reviewed in Warbrick, 2000). In the case of
Sulfolobus solfataricus XPF, the enzyme has no or only
very limited activity in the absence of PCNA, which
stimulates the enzyme by about four orders of mag-
nitude (Roberts & White, unpublished observation).

Therefore in the case of XPF at least, there seems
a prima facie case for a role in a prototypical NER
machinery in Archaea. However, characterization of
the substrate specificities of the crenarchaeal and
euryarchaeal XPF enzymes have highlighted a pref-
erence for 3′ flap over splayed duplex substrates
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Fig. 15.4 XPF nuclease family domain organization
and substrate preference. Eukarya have two related
enzymes: XPF-ERCC1, a heterodimer that cleaves
splayed duplexes and bubbles during NER; and
Mus81-Eme1, a heterodimer that is specialized for 3′-
flap substrates created during early recombination
events. In Euryarchaea, XPF is a homodimer with a
subunit organization very like eukaryal XPF, whereas
the Crenarchaea lack an N-terminal helicase domain
and show a requirement for the sliding clamp PCNA
for activity. The archaeal enzymes cut both Mus81
and XPF-type substrates, with a preference for the
former.
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(Roberts & White, 2004) (Fig. 15.4). This suggests a
closer affinity to the eukaryal Mus81 enzyme – a
homolog of XPF that is specific for the types of sub-
strates that arise during the rescue of stalled and col-
lapsed replication forks (Haber & Heyer, 2001). Thus
the actual function of archaeal XPF may be in a
Mus81 type replication restart pathway, rather than
an NER patch repair pathway.

Conclusions and future perspectives

Until more biochemical or genetic data are gathered,
the existence and mechanism of archaeal nucleotide
excision repair will remain highly uncertain. It is
possible that the archaeal homologs of the eukaryal
XP helicases and nucleases function together in a
simplified version of the pathway. It is equally pos-
sible that a subset of the enzymes – for example, XPF
and XPD – functions with as yet unknown archaeal-
specific proteins to catalyze NER. However, we
cannot rule out the possibility that Archaea accom-
plish NER by an alternative excision pathway. For
example, a process involving damage recognition,
nicking of the damaged strand, followed by an
exonuclease activity to remove the DNA containing
the damage could fit the bill. Such mechanisms are
of course familiar for mismatch repair, and it is not
outside the realms of possibility that mismatch repair
and nucleotide excision repair are catalyzed by
related machineries in Archaea. Recently we have
demonstrated that the Sulfolobus XPF protein can
function like an exonuclease, digesting DNA in a 3′
to 5′ direction from a nick, and that this activity can
remove a variety of DNA lesions in vitro (Roberts &
White, unpublished). What is certain is that bio-
chemical and structural studies of the archaeal XP
proteins over the next few years will provide valu-
able information on the equivalent proteins in
Eukarya, which are so important for DNA repair and
the avoidance of cancer.

Double strand break repair

Double strand breaks are one of the most serious
types of DNA lesion experienced by a cell. The toxi-
city arises from the fact that both strands of the
duplex are damaged, with the result that there is no
undamaged strand to act as a template for repair, and

the cut ends have no physical connection to keep
them together. Despite the danger of a double strand
break, they are often deliberately induced in order to
initiate the process of homologous recombination
(HR), which shuffles DNA to increase genetic diver-
sity. The double strand break repair (DSBR) and HR
pathways are equivalent in many situations, and can
both proceed via the formation, branch migration,
and finally resolution of a Holliday junction (four-
way DNA junction) that provides both a physical
linkage between two homologous DNA duplexes and
a mechanism for exchange of information between
them (reviewed in Liu & West, 2004). A further role
for DSBR/HR in the rescue of stalled or collapsed
replication forks has assumed much greater signifi-
cance in recent years (reviewed in McGlynn, 2004).
In fact, the most important role (and evolutionary
origin) for the DSBR machinery may be in the reset-
ting of replication forks that get into difficulty, and
in this context DSBR could be considered a vital part
of DNA replication. The pathway of DSBR is well
understood in E. coli (Fig. 15.5), but surprisingly
there are still very many uncertainties in the identi-
ties and roles of eukaryal recombination proteins.
For example, it is not yet clear how double strand
breaks are resectioned to produce 3′ overhangs suit-
able for strand invasion, and the identities of the 
Holliday junction branch migration and resolution
enzymes are still unknown.

RadA, Rad50, and Mre11

As can be seen in Table 15.3, all sequenced archaeal
genomes contain clear homologs of eukaryal DSBR
proteins RadA/Rad51, Mre11, and Rad50, as well as
the Holliday junction-resolving enzyme Hjc. The
high degree of conservation of these proteins, and
their clear similarity to the eukaryal equivalents,
may reflect the linkage to DNA replication, which is
strikingly conserved between these two domains.
The archaeal RadA, Mre11, and Rad50 proteins are
structurally very similar to their eukaryal counter-
parts, and have proven very useful for crystallo-
graphic and other biophysical studies (reviewed in
Shin et al., 2004). The role of RadA/Rad51 (and the
bacterial equivalent RecA) in catalyzing strand
exchange is well defined and has been reviewed
extensively elsewhere. Notably, it is the only repair
protein found in every sequenced genome from all
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Fig. 15.5 Double strand break repair. An overview of the DSBR/homologous recombination pathway. Double
strand breaks caused by environmental factors such as ionizing radiation or by cellular nucleases are processed to
generate 3′ ssDNA ends suitable for strand invasion of a homologous duplex. Strand exchange can lead to the
formation of a mobile Holliday junction linking the two duplexes, which is ultimately resolved by a structure
specific nuclease, regenerating two duplex DNA products. Other pathways for DSBR, including synthesis-
dependent strand annealing, can function alongside the classical pathway shown here, and may predominate in
certain organisms under certain conditions.

Table 15.3 Distribution of putative double strand break repair proteins in Archaea (proteins are described in
the text).

Species Hjc RadA RadB Rad50 Mre11 HerA NurA

A. pernix 1 1 1 1 1 1
P. aerophilum 1 1 1 1 1 2
S. solfataricus 2 2 2 1 2 2
S. tokodaii 1 2 2 1 2 2
S. acidocaldarius 2 1 1 1 1 1
M. kandleri 1 2 1 1 1 1
P. furiosus 1 2 1 1 1 1
P. horikoshii 1 2 1 1 1 1
P. abyssi 1 2 1 1 1 1
T. kodakaraensis 1 2 1 1 1 1
N. equitans 1 1 1 1 1 1
M. jannaschii 1 2 1 1 2 2
A. fulgidus 1 2 1 1 1 1
M. thermoauto 1 2 1 1 1 2
P. torridus 1 2 1 1 1 1
T. acidophilum 1 2 1 1 1 1
T. volcanium 1 2 1 2 1 1
M. acetivorans 1 2 1 2
M. mazei 1 2 1 1
H. marismortui 1 2 1 1
Halobacterium 1 2 1 1

Details as for Table 15.1.
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three domains of life (Aravind et al., 1999). There
are still many unanswered questions about Mre11
and Rad50, which form a heterotetrameric complex
(Hopfner et al., 2001). Rad50 is a member of the
SMC family of proteins with globular ATPase
domains at the N- and C-termini linked by a long
coiled-coil domain (Hopfner et al., 2001). Mre11 is a
nuclease with a 3′-5′ polarity, which effectively rules
out a direct role in resectioning DNA breaks to
produce 3′ overhangs for recombination. In Eukarya,
Mre11–Rad50, together with Nbs1 and Xrs2, form a
structure resembling “molecular callipers” and are
implicated in many processes including DSBR, 
nonhomologous end-joining (NHEJ), DNA damage
detection, and checkpoint signaling (reviewed in
D’Amours and Jackson, 2002).

There are no clear homologs of Nbs1 or Xrs2 in
Archaea, but Mre11 and Rad50 are commonly found
in an operon in archaeal genomes that frequently
includes the HerA and NurA genes. HerA (also
known as MlaA) is a DNA-dependent ATPase
(Manzan et al., 2004) and weak helicase in vitro
(Constantinesco et al., 2004). HerA is a member of
the hexameric AAA family ATPases. In Methanother-
mobacter thermautotrophicus, the HerA and Mre11
genes are fused, suggesting a close functional rela-
tionship (Constantinesco et al., 2004). These obser-
vations suggest a role for HerA in processing and
manipulating DNA at double strand breaks. NurA is
a 5′-3′ nuclease and thus has the opposite polarity to
Mre11 (Constantinesco et al., 2002). NurA may thus
act together with Mre11 to process double strand
breaks, and may be responsible for generation of 3′
ssDNA tails (Constantinesco et al., 2002). An alter-
native suggestion is that HerA performs an analogous
function to bacterial FtsK, to which it is distantly
related, in archaeal cell division (Iyer et al., 2004).
However, the lack of HerA in halophiles and
mesophilic methanogens must then be addressed.

Holliday junction-resolving enzymes

The importance of the Holliday junction in DSBR
and HR in Archaea is emphasized by the observation
that the Holliday junction-resolving enzyme Hjc is
absolutely conserved in Archaea, making it one of
the few ubiquitous nucleases. Hjc was first identified
in Pyrococcus furiosus (Komori et al., 1999), and two
orthologs, Hjc and Hje, were subsequently identified
in Sulfolobus solfataricus (Kvaratskhelia & White,

2000). Hjc is a small, dimeric nuclease with a very
high degree of specificity for four-way DNA (Holli-
day) junctions over all other types of branched DNA
structure. The structure of the enzyme revealed a
nuclease superfamily fold that is present in a wide
variety of nucleases including restriction enzymes
(Bond et al., 2001; Nishino et al., 2001), and the
same fold was subsequently observed in the XPF/
Mus81 nuclease family (Nishino et al., 2003). Hjc
interacts with the sliding clamp PCNA (Komori et al.,
2000b), though the functional significance of this
interaction is not yet clear. The Hje ortholog, which
is restricted to Sulfolobus solfataricus and Sulfolobus aci-
docaldarius, is apparently of viral origin, with closest
homologs present in the genome of archaeal SIRV
viruses (Birkenbihl et al., 2001; Middleton et al.,
2004). Hje is highly structure specific but sequence
independent, with a turnover number that compares
favorably with commonly used type II restriction
enzymes such as EcoRI. These properties make Hje a
useful enzyme for applications that require specific
detection of Holliday junctions in DNA samples
(Parker & White, 2005).

Conclusions and future perspectives

The HR/DSBR pathway is still not well understood
in Eukarya, despite extensive investigation and 
the availability of highly developed genetic model
systems. It is not clear why there has been such
patchy progress in this area, but it may reflect the
fact that the pathway has a variety of complex roles
in eukaryotes, and the existence of overlapping
specificities and redundancy for some of the proteins
involved. The very strong relationship of archaeal
and eukaryal DSBR is evident from a comparison of
protein sequences and structures. In turn this may
reflect the importance of DSBR for the rescue of DNA
replication, which is itself very highly conserved
between the two domains. These factors suggest that
studies of archaeal DSBR/HR have the potential to
shed light on the eukaryal pathway. The usual argu-
ments about simplicity and robust, tractable proteins
all apply. An interesting example is the archaeal 
helicase mth810, which is homologous to a human
helicase of unknown function, hel308, and has 
been shown to target stalled replication forks in vitro
(Guy & Bolt, 2005). This is an area in which archaeal
genetic studies can provide a valuable role, as the
core DSBR genes are present in the halophiles.
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Although not yet identified, the eukaryal Holliday
junction-resolving enzyme may yet turn out to be
related to the archaeal Hjc nuclease.

Proteins seeking pathways: 
ORPs and RAMPs

While there are pathways such as MMR where we
still have little idea of the proteins involved,
Makarova and Koonin have suggested that a large
group of archaeal proteins of unknown function play
a role in DNA repair (Makarova et al., 2002). These
proteins are found in clusters in the genomes of
Archaea growing at elevated temperatures, leading to
the suggestion that they may be an adaptation to
hyperthermophilic conditions. There is reasonably
convincing bioinformatic data suggesting that some
of these proteins are nucleases, helicases, and possi-
bly also a DNA polymerase. For the purposes of this
discussion we designate these as orphan repair pro-
teins (ORPs). However, many of these proteins have
no obvious homologs of known function, and are
therefore difficult to assign. This includes a family of
repair associated mysterious proteins (RAMPs) that
comprise COGs 1336, 1367, 1604, 1337, and 1332
(Makarova et al., 2002), which show detectable
sequence similarity with one another. Sulfolobus solfa-
taricus has the largest number of RAMPs and ORPs at
around 90, while Nanoarcheum equitans has only two.
To date, there is little or no published biochemical or
genetic analysis of any RAMP or ORP in any organ-
ism, and a role in repair is still an untested prediction.
Makarova et al. have suggested a role in translesion
repair, but equally they could function in mismatch
repair, recombination-dependent replication or non-
homologous end joining. Makarova et al. recently
withdrew their prediction of a role in DNA repair for
these proteins, and suggested instead a role in a puta-
tive RNAi system (Makarova et al., Biol Direct., 2006,
1–7).

Controlling DNA repair: 
the DNA damage response

In one of the first studies of DNA damage response in
Archaea, Pyrococcus furiosus cells were exposed to
2500Grays of ionizing radiation, resulting in frag-
mentation of the genomic DNA due to high numbers

of double strand breaks (DiRuggiero et al., 1997). Fol-
lowing this level of radiation, 75% of the cells are
estimated to survive, making P. furiosus approxi-
mately ten times more radioresistant than E. coli, but
significantly less resistant than Deinococcus radiodu-
rans. Chromosome fragmentation was reversed
during incubation at 95°C, presumably by a DSBR
process involving HR, resulting in reconstitution of
intact genomes. However, in contrast to the situation
in Eukarya and Bacteria, RadA was expressed consti-
tutively in Pyrococcus, with little induction in response
to DNA damage (Komori et al., 2000a; Jolivet et al.,
2003). The transcriptional response to UV radiation
in Sulfolobus solfataricus has also been studied for a
subset of DNA binding and repair proteins (Salerno et
al., 2003). Modest changes in mRNA levels were
observed for most of the proteins studied, but a more
dramatic effect was seen for the Sulfolobus XPB1 gene.
XPB1 is a homolog of the eukaryal helicase XPB,
which is a component of the transcription factor
TFIIH and plays a dual role in DNA melting in both
transcription initiation by RNA polymerase II and the
eukaryal NER pathway (see section on NER). Fol-
lowing UV radiation, Sulfolobus XPB1 transcription
increased dramatically, and initiated from a new start
site about 130nt upstream from the start codon
(Salerno et al., 2003). These data suggest that
Archaea do have a transcriptional response to UV-
induced DNA damage, and therefore have damage-
specific transcriptional control mechanisms.

The advent of whole genome microarrays has
made large-scale analyses of transcriptional responses
to external stimuli reasonably straightforward for
microbial organisms. Microarray analysis of the UV
damage response of Halobacterium NRC1 suggests
there is no coordinated control of DNA repair pro-
teins, analogous to the bacterial SOS response, follow-
ing DNA damage (Baliga et al., 2004). Interestingly, a
significant upregulation of the RNA polymerase
subunit RpoM was observed following UV damage.
RpoM is homologous to the TFIIS protein, which
allows reinitiation of transcription by stalled RNA
polymerase, suggesting a similar function for the
protein in Halobacterium. Another study of the UV
damage reponse of Halobacterium has identified the
early induction of the single stranded DNA binding
protein (McCready et al., 2005), and this has also been
seen after UV irradiation of Sulfolobus solfataricus
(Götz, Bernander, and White, unpublished). These
observations may be consistent with a role for SSB in
DNA damage detection (Cubbedu & White, 2005).
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Conclusions and future perspectives

There is at present only limited information available
on the response of Archaea to a variety of types of
DNA damage. Partly this is due to the historical lack
of robust genetic models. What is already clear is that
the Archaea do not appear to have a coordinated
SOS-type response to DNA damage. Instead, repair
proteins in general seem to be expressed constitu-
tively. This might be expected in hyperthermophiles,
which experience relatively elevated levels of DNA
damage continuously as a consequence of their
growth temperature. However, it also appears to be
the case for mesophilic Archaea such as the
halophiles. There are no published studies yet on
more eukaryal-type responses to DNA damage,
which involve cascades of protein kinases and the
use of protein phosphorylation as a signal, but there
are no clear archaeal homologs of the ATM/ATR type
kinases present in Eukarya. Nevertheless there are
some clues that Archaea do respond to DNA damage
at a transcriptional level: notably the induction of
Sulfolobus XPB1 transcription in response to UV
damage, and the elevated transcription of an ORP
operon in response to ionizing radiation in Pyrococ-
cus. These observations suggest a damage recognition
signal links to the differential transcriptional control
of specific genes or sets of genes. Possibilities for 
the damage signal or signals include binding of the
archaeal single stranded binding protein SSB to
damage sites, as observed for the eukaryal single
stranded DNA binding protein RPA, or the presence
of stalled RNA or DNA polymerases at DNA lesions.
Microarray studies have shown induction of various
hypothetical proteins and putative transcription
factors in response to DNA damage. These leads must
now be followed up using biochemical and genetic
means to test their role in the archaeal damage
response.

Concluding remarks

This review represents a snapshot of a field where
the pace of research is accelerating rapidly, with new
research groups and new experimental techniques
being brought to bear. We can expect to see rapid
progress in our understanding of DNA repair in the
Archaea (and equally rapidly, this review will require

updating!). We are assured of good progress at the
biochemical and structural levels, where studies of
archaeal repair proteins have played a very signifi-
cant part in our understanding of the equivalent pro-
teins in Eukarya. Equally, the microarray studies
published and soon to be published will generate a
host of new hypotheses that require testing. These
are likely to address questions such as mechanisms
of DNA damage recognition in the Archaea, and the
links with transcriptional control of gene expression.
Progress will depend on further developments of
genetic systems for model archaeal species. At
present, the halophiles are a very valuable model
system with advanced genetics, but clearly these
organisms are not always going to be representative
of the Archaea as a whole. There are significant 
differences between repair protein content in the
Crenarchaea and Euryarchaea, as well as between
deep sea and surface dwelling organisms. In this
context, recent progress in gene knockout and
protein expression systems in Sulfolobus solfataricus
are very encouraging.

Research effort in the latter part of the decade is
likely to be focused on the following questions:
• Do Archaea have a eukaryal-type NER pathway,
or a novel mechanism for NER?
• Is there a functional mismatch repair pathway in
Archaea lacking MutS/MutL?
• Can we define the mechanism and protein com-
ponents of the archaeal DSBR pathway?
• Do Archaea have a mechanism for transcription
coupled repair?
• How do Archaea deal with RNA polymerase
stalled at DNA lesions?
• Which proteins detect DNA damage (e.g. photo-
products) in Archaea?
• What is the basis for the transcriptional response
to DNA damage in Archaea?
• What are the links between DNA replication and
repair?
• If the RAMP and ORP families have a role in
repair, what is it?
Answers to even some of these questions will expand
our understanding of archaeal DNA repair greatly.
We can expect to see more links with eukaryal DNA
repair uncovered along the way, but also unique
archaeal solutions to the problem faced by all cellu-
lar organisms in maintaining the genetic coding
potential of DNA in response to frequent and varied
DNA damage events.
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Introduction

The increasing amount of sequenced archaeal genomes revealed that Archaea contain a mosaic of bacterial
and eukaryotic features. Genes involved in information processing are shared with Eukarya, whereas 
metabolic and structural proteins show similarities with bacterial ones. The striking similarities in informa-
tion-processing systems between Archaea and Eukarya were first discovered by immunological analysis of
purified archaeal and eukaryotic RNA polymerases (Huet et al., 1983). The development of in vitro tran-
scription systems in Methanococcus vannielii and Sulfolobus led to the discovery of transcription factors and
enabled the identification of archaeal promoter signals (Thomm, 1996; Soppa, 1999). In summary, accumu-
lated data suggested that the archaeal transcriptional machinery represents a simple version of the eukary-
otic one. These unexpected results encouraged other laboratories during the past few years to study archaeal
transcription. Therefore, the transcription process is the best understood part of information-processing
systems in Archaea. In the following review we summarize the latest research results in archaeal transcrip-
tion. One main focus is the basal transcription apparatus itself and a comparison of it with the eukaryotic and
the bacterial one. In the first part we describe the components involved in archaeal transcription. The second
part illustrates the transcription cycle and in the third part we discuss some unique features of regulation of
archaeal transcription.

Promoter structure 

Archaeal promoter elements consist of three parts. 
A detailed mutational analysis using the tRNAVal

promoter of Methanococcus vannielii and the rRNA
promoter of Sulfolobus shibatae in combination with
in vitro transcription has defined an AT-rich sequence
as major promoter signal, formerly designated as box
A, which is located about 25bp upstream of the tran-
scription start site (Thomm, 1996). Similar experi-
ments using an in vivo approach with a tRNA gene
of Haloferax volcannii confirmed the essential role of
this AT-rich element (Palmer & Daniels, 1995). The
conserved element was renamed as the TATA box
because it resembles with regard to position as well
as sequence the eukaryotic TATA box, a core element

of many RNA polymerase II promoters. The second
part of the archaeal promoter element is the BRE
(transcription factor B recognition element). It is
located immediately upstream of the TATA box and
is important for promoter strength as well as the 
orientation of the transcription initiation complex
(Qureshi et al., 1997; Bell et al., 1999). Analysis of
nucleotide frequencies in natural archaeal promoters
confirmed a conserved element of 2–3 A residues at
−35 to −33 (Soppa, 1999). This is in agreement with
experimental data indicating an important role of an
A residue at position −33 (Qureshi & Jackson, 1998).
Substitution of the A residue at position −33 to a G
residue of the tRNAVal promoter of Methanococcus
decreases transcriptional activity by a factor of 
two (Thomm, 1996). In the region around the 

16
Transcriptional mechanisms
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transcription start site the initiator element (INR)
motif exists as the third promoter element. The
minimal requirement for an archaeal initiation site is
a pyrimidine–purine dinucleotide in a proper dis-
tance to the TATA box. Mutational analysis revealed
a strong preference for purines as starting
nucleotides (Thomm, 1996; Soppa, 1999). Recently,
an additional conserved A/T motif at −10 was sug-
gested to play a role in archaeal transcription. The
motif was derived from sequence analysis of
upstream sequences of leaderless transcripts, but so
far there are no confirming biochemical data avail-
able (Torarinsson et al., 2005).

The eukaryotic TATA box was the first identified
core promoter motif of RNA polymerase II transcrip-
tion and it was believed that this promoter element
plays the central role in initiation of transcription.
Meanwhile, at least four different eukaryotic core
promoter motifs are known: BRE, TATA box, INR,
and DPE (downstream promoter element). Further-
more, only a subset of these sequence elements is
found in core promoters and a particular core pro-
moter may contain some, all, or none of these ele-
ments (reviewed in Smale & Kadonaga, 2003). For
instance, it was estimated that approximately 43%
of 205 core promoters in Drosophila contain a TATA
box (Kutach & Kadonaga, 2000). In humans, it was
found that about 32% of 1031 potential promoter
regions contain a putative TATA box motif (Suzuki
et al., 2001), whereas in Saccharomyces genomes even
80% of the promoters are TATA-less promoters
(Basehoar et al., 2004). These data indicate that dif-
ferent possibilities exist to initiate basal transcription
in eukaryotes. In promoters without a TATA box, for
instance, the INR together with the DPE can mediate
initiation of transcription. There is also an apparent
lack of TATA box elements in deep-branching
eukaryotic lineages, such as the most ancient para-
sitic protists (Liston et al., 1999). The TATA box rep-
resenting the archaeal type (with regard to sequence
and location) is found in metazoans. It is typically
located about 25–30 nucleotides upstream of the
transcription start site, but variations are also known.
In the yeast Saccharomyces cerevisiae, the position of
the TATA box ranges from 40 to 100 nucleotides
upstream of the start site, whereas in Schizosaccha-
romyces pombe the normal distance at −25 is found.
Swapping experiments indicate that S. cerevisiae RNA
polymerase and TFIIB dictate this unusual distance
(Li et al., 1994).

TATA-box binding protein (TBP)

TBP is a general transcription factor that binds specif-
ically to the TATA box. Consistent with the central
role of the TBP–TATA box interaction, it is highly
conserved in eukaryotes as well as in Archaea. Both
archaeal and eukaryotic TBP molecules consist of
two repeats of about 90 amino acids and adopt a
symmetrical saddle-shaped form (Nikolov et al.,
1992; Dedecker et al., 1996). The similarity of the
first to the second repeat is much higher in archaeal
TBPs (36–53% of identical amino acids) than in
eukaryotic TBPs (22–26%; Soppa, 1999). Archaeal
TBPs are acidic proteins with isoelectric points (IPs)
within the range of 3.9–6.1, while the eukaryotic
counterparts are basic, with IP ranging between 9.8
and 10.7 (Hickey et al., 2002). The structural simi-
larity and the charge differences of a eukaryotic and
an archaeal TBP are shown in a comparison of both
molecules (Plate 16.1). The group of Ladbury
demonstrated by mutational analysis that acidic
residues of archaeal TBP are involved in site-specific
cation binding and necessary to enable DNA-binding
of Pyrococcus TBP at high salt concentrations
(Bergqvist et al., 2001).

In eukaryotes, the conserved domain is located in
the C-terminal region, whereas the N-terminal
extension contains a highly diverged species-specific
sequence (Hernandez, 1993). The function of this
region is still not fully understood. Bondareva and
Schmidt (2003) hypothesized that the N-terminus
functions as a “signaling port” by which the basal
transcription machinery receives specific regulatory
signals, and that variation within this region repre-
sents commitment to gene-regulation processes that
are unique to each phylum. So far no N-terminal
extensions in archaeal TBPs are known. Further-
more, there is also no indication for TBP-associated
factors (TAFs) in Archaea. By contrast, eukaryotic
TBPs associate with several different TAFs. This
results in the formation of at least three distinct 
complexes, SL1, TFIID, and TFIIIB, which dictate
whether TBP functions in RNA polymerase I, II, or
III transcription, respectively (Hernandez, 1993).

Beside the TAFs other proteins are known that
could interact with TBPs. They are called TBP-
interaction proteins (TIPs) and could be also found
in some Archaea. In Pyrococcus kodakaraensis KOD1,
TIP26 was described and is able to interact with a
TBP/TFB/DNA complex (Matsuda et al., 2001). The
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cellular concentration of TIP26 is ten times higher
than that of TBP. The protein seems to be present
only in a confined subgroup of Archaea and the 
biological function of the protein is not known. A
further archaeal TIP with unknown function is a
homolog of the eukaryotic TIP49 gene family and 
is present in various Archaea, such as Pyrococcus
abyssi, Archaeoglobus fulgidus, Methanopyrus kandleri,
Pyrobaculum aerophilum, and Sulfolobus solfataricus
(Kurokawa et al., 1999). Sequence similarities with
bacterial RuvB indicate a potential ATP-dependent
DNA helicase acitivity (Kanemaki et al., 1997). The
eukaryotic homologs are possibly involved in 
transcription as bridging factors between the basic
machinery and sequence-specific activators (Bellosta
et al., 2005). Furthermore, the eukaryotic TIP gene
family is also a component of the Ino80 chromatin
remodelling complex in yeast (Shen et al., 2000).

TFB

The identification of a partial open reading frame of
152 amino acids with homology to the eukaryotic
TFIIB in Pyrococcus woesei was the first indication that
archaeal transcription factors are of the eukaryotic
type (Ouzounis & Sander, 1992). Sequence analysis
of the complete gene showed about 30% identity to
eukaryotic tfIIb genes (Creti et al., 1993). In addition,
this sequence exhibits distinct structural motifs 
characteristic of eukaryotic TFIIB such as an imper-
fect amino acid repeat or a zinc ribbon at the N-
terminus. Experimental evidence that this putative
TFIIB homolog in Archaea is indeed a transcription
factor was provided by in vitro transcription experi-
ments. In Sulfolobus as well as in Methanococcus it
could be demonstrated that the archaeal TFIIB
homolog (now called TFB) is essential to direct initi-
ation of archaeal transcription (Hausner et al., 1996;
Qureshi et al., 1997).

The structure of the N-terminal zinc ribbon of
Pyrococcus woesei has been solved and it turned out
that the zinc ribbon is a common motif in archaeal
and eukaryotic transcription (Zhu et al., 1996; Chen
et al., 2000). The N-terminal region is required for
RNA polymerase recruitment in Archaea as well as
in eukaryotes (Buratowski & Zhou, 1993; Ha et al.,
1993; Bell & Jackson, 2000a). Recent data suggest
that the archaeal recruitment function is redundant
as deletions of the N-terminal zinc ribbon of TFB can

be complemented by TFE (Werner & Weinzierl,
2005). The zinc ribbon is followed by the B-finger
domain, which contains a short, highly conserved
region (“conserved sequence block,” CSB; Bushnell
et al., 2004). A substitution of a conserved residue
within this block increased the NTP dependence and
suggested a role of the archaeal TFB in the late stages
of transcription initiation, but the effect is influenced
by the sequence context surrounding the trans-
cription start site (Bell & Jackson, 2000a). Deletion
of the B-finger domain in Methanocaldococcus also
revealed a requirement of higher NTP concentrations
(Werner & Weinzierl, 2005). Furthermore, the data
also demonstrated that this domain can stimulate
abortive and productive transcription in a recruit-
ment-independent function. Mutational analysis of
the corresponding eukaryotic TFIIB regions indicated
functions in initiation efficiency and start site selec-
tion (Pinto et al., 1992; Zhang et al., 2002).

Multiple copies of TBP and TFB

With the increasing amount of sequenced archaeal
genomes it becomes evident that most of the Archaea
have only one copy of TBP and TFB. This indicates
that in general binding of TBP to the promoter is the
key step in initiation of archaeal transcription. But in
halophiles multiple copies of transcription factors
seem to be quite normal. The genome of Halobac-
terium NRC-1 has six tbp and seven tfb genes, and
Halobacterium marismortui encodes a single TBP and
eight different TFB molecules (Baliga et al., 2000). In
Haloferax volcanii differential regulation of the TFB
genes upon heat shock has been postulated for the
regulation of genes involved in the appropriate
responses (Thompson & Daniels, 1998). The multi-
plicity of these factors is hypothesized to play a role
in transcription regulation through an assembly 
of pair-wise TBP–TFB combinations (Baliga et al.,
2000).

Three tbp genes have also been published for
Methanosarcina mazeii and Methanosarcina acetivorans.
In Pyrococcus horikoshii and Pyrococcus furiosus two
copies of TFB were found. By contrast, Pyrococcus
abyssi contains a single copy of the tfb gene. In Pyro-
coccus furiosus, a Northern analysis revealed that the
second copy of TFB seems to be also overexpressed
upon heat shock (Shockley et al., 2003). But a spe-
cific interaction of this second TFB copy with heat
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shock promoters has so far not been demonstrated in
vitro (M. Bartlett & M. Thomm, unpublished data).
Crenarchaeal genome sequencing projects also indi-
cate the presence of two copies of tfb genes. It is likely
that the multiple copies of basal transcription factors
are only involved in the regulation of a small subset
of genes.

TFE

Archaeal genome sequencing projects have revealed
that most likely all Archaea have a transcription
factor that shows homology to the N-terminal region
of the alpha subunit of eukaryotic transcription
factor TFIIE. The eukaryotic protein is a hetero-
tetramer composed of two 57kDa and two 34kDa
subunits (Ohkuma et al., 1991; Ohkuma, 1997).
Purified TFIIE has been found to possess no enzy-
matic activities, it stabilizes the preinitiation complex
by binding to the complex as well as to the DNA, and
it is involved in the transition from initiation to elon-
gation (Watanabe et al., 2003; Forget et al., 2004).
Mutational analysis revealed that the N-terminal half
of hTFIIEα is sufficient for both basal and activated
transcription (Ohkuma et al., 1995). Similar results
were found in yeast using in vivo genetic experiments
(Kuldell & Buratowski, 1997). Interestingly, this part
of the alpha subunit is still conserved in Archaea. A
recently determined crystal structure showed that
the TFE domain from Sulfolobus solfataricus adopts an
extended winged fold with unusual features that are
consistent with a role of this domain as an adapter
between RNA polymerase and general transcription
factors (Meinhart et al., 2003). In vitro transcription
experiments indicate that TFE is not absolutely
required for transcription in a reconstituted archaeal
in vitro system; it nonetheless plays a stimulatory role
on some promoters and under certain conditions
(Bell et al., 2001). Almost inactive promoters or
reduction of TBP concentration in transcription 
reactions lead to sensitivity of a promoter to TFE
addition (Bell et al., 2001; Hanzelka et al., 2001).
Conversely, saturating reactions with TBP desensitize
promoters to TFE. Since it is known that the alpha
subunit of TFIIE can interact with TBP (Maxon et al.,
1994) and can enhance binding of TBP to the pro-
moter in the absence of other basal factors (Yokomori
et al., 1998), it seems likely that this type of interac-
tion was developed very early during evolution and

may also play a role in archaeal transcription. The
interaction of TFE with TBP does not interfere with
the binding of Ptr2, a DNA-binding protein that acti-
vates transcription by direct recruitment of TBP, as
recently demonstrated in a fully recombinant in vitro
transcription system (Ouhammouch et al., 2004).

Archaeal RNA polymerase

The structural similarity of archaeal and eukaryotic
RNA polymerases was the first evidence that the
archaeal transcriptional machinery is more closely
related to Eukarya than to Bacteria (Huet et al.,
1983). Archaea share with Bacteria the presence of
only one type of RNA polymerase, but by compari-
son of the subunit pattern it became immediately
apparent that archaeal RNA polymerases contain
about 10–14 subunits and therefore represent the
eukaryotic type (reviewed by Langer et al., 1995).
Most of these subunits have been shown to be
homologs of subunits of eukaryotic RNA poly-
merases. The archaeal homolog of the largest subunit
of eukaryotic RNA polymerases is split into two
smaller subunits, A′ and A″, and the archaeal
homolog of the second largest subunit exists as a
single subunit B, or as split version B′ and B″,
depending on the archaeal species (Langer et al.,
1995). In contrast, bacterial RNA polymerases have
a three-component core enzyme with the composi-
tion α2ββ′. Nevertheless, the two largest eukaryotic
subunits, Rbp1 and Rbp2 are also homologous to the
bacterial β′ and β subunits, indicating that all multi-
subunit RNA polymerases have a common universal
precursor. Purified bacterial RNA polymerases are
associated with specificity factors like σ70 and are able
to direct in vitro transcription, whereas archaeal RNA
polymerases – similar to the eukaryotic RNA poly-
merases – were unable to efficiently recognize pro-
moter sequences on their own.

An active RNA polymerase of Methanocaldococcus
jannaschii has been assembled in vitro from purified
recombinant subunits (Werner & Weinzierl, 2002)
and recently the Pyrococcus furiosus RNA polymerase
was also reconstituted from single recombinant 
subunits (S. Naji, B. Goede, O. von Kampen & 
M. Thomm, manuscript in preparation). Although
methods for reconstitution of bacterial RNA poly-
merases from recombinant subunits are well estab-
lished, the attempts to reconstitute eukaryotic RNA
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polymerases have been unsuccessful (Zalenskaya 
et al., 1990; Kimura & Ishihama, 2000). Therefore,
the reconstituted archaeal RNA polymerase may be
helpful to address questions important for the mech-
anism of eukaryotic RNA polymerases. Furthermore,
the availability of reconstituted RNA polymerases
offers the possibility of analyzing the structure–func-
tion relationship in archaeal RNA polymerases in
more detail on the molecular level. The first results
of such experiments indicate that a minimal complex
of RNA polymerase consisting of subunits A′-A″-B′-
B″-D-L-N-P has a low, but distinct and reproducible,
degree of catalytic activity and the subunits K, H, 
and the F/E complex are not absolutely essential for
basal promoter-dependent transcription (Werner &
Weinzierl, 2002; Ouhammouch et al., 2004). The K
subunit has structural and functional homologs 
in both eukaryotic (RPB6) and bacterial (ω) RNA
polymerases (Minakhin et al., 2001). Interestingly,
experiments using two-hybrid and biochemical
analysis revealed an interaction between subunit K
and the N-terminal domain of TFB (Magill et al.,
2001). In addition, biochemical data with RNA 
polymerase II suggest an interaction of TFIIB with
the “dock” domain, which is located near the path of
RNA exit and therefore also implies an interaction
with RPB1 and RPB2, respectively (Chen & Hahn,
2003; Bushnell et al., 2004; Chen & Hampsey, 2004).
The corresponding subunit ω in Bacteria seems to be
involved in the assembly of the RNA polymerase
(Ghosh et al., 2001b). It could be also demonstrated
that ω is necessary to restore denatured RNA poly-
merase in vitro.

Subunit H is homologous to the eukaryotic RPB5,
a subunit that is shared by all three eukaryotic RNA
polymerases. The structure of RNA polymerase II
shows that subunit RPB5 is located close to DNA
downstream of the initiation site and possibly plays
a role in activation of transcription (Miyao &
Woychik, 1998; Cramer et al., 2000). Experiments
using the reconstituted enzyme with and without
subunit H revealed a tenfold increased activity in the
presence of subunit H (Werner & Weinzierl, 2002).
The function of the archaeal F/E complex is still
unclear. The presence or absence of this complex in
combination with the recombinant enzyme has no
detectable effects (Werner & Weinzierl, 2002). The
purified RNA polymerase from Methanothermobacter
thermoautotrophicus seems to contain the F/E complex
at sub-stoichiometric levels (Darcy et al., 1999). This

is in agreement with the corresponding eukaryotic
RPB4/RPB7 complex (Choder, 2004). Homologs of
these subunits do not exist in Bacteria.

Formation of an initiation complex

Gel shift assays, template commitment experiments,
and DNase I footprinting analyses have demon-
strated that Archaea initiate transcription by the
binding of TBP to the TATA box (Rowlands et al.,
1994; Gohl et al., 1995; Hausner et al., 1996). Struc-
tural analysis of TBP–TATA box co-crystals revealed
the mechanism of binding in more detail (Kosa et al.,
1997; Littlefield et al., 1999). Like its eukaryotic
counterparts, Pyrococcus TBP binds to the minor
groove of the DNA and imposes a similar severe 
distortion on the DNA (Kosa et al., 1997). Several
studies with eukaryotic TBPs suggest that TBP can
bind in both orientations with only a minimal pref-
erence toward the correct orientation (Patikoglou et
al., 1999; Liu & Schepartz, 2001). Due to the greater
symmetry of archaeal TBPs it is most likely that
archaeal TBPs cannot select the right orientation of
binding to the TATA box. The polarity of the initia-
tion complex is fixed in the next step by the binding
of TFB (Bell et al., 1999b). It recognizes the distorted
DNA–TBP complex and interacts with BRE. Bound
TFB extends the DNase I footprint upstream as well
as downstream of the TATA box (Hausner et al.,
1996; Bell et al., 1999b). The geometry of bound
archaeal TBP and TFB was also analyzed by photo-
chemical cross-linking experiments (Bartlett et al.,
2000, 2004; Renfrow et al., 2004). The data are sum-
marized in Plate 16.2. These experiments confirmed
the interaction of TFB with DNA upstream and
downstream of the TATA box. Bound TFB enables
the recruitment of the RNA polymerase and the for-
mation of a pre-initiation complex. The RNA poly-
merase is positioned around the transcription start
site and therefore extends DNase I footprints in the
downstream direction (Hausner et al., 1996; Bell &
Jackson, 1999). A more detailed picture resulted
from the photochemical cross-linking experiments
(Plate 16.2). Subunit B interacts with DNA around
the transcription bubble on both DNA strands,
whereas subunits A′ and A″ contact mainly down-
stream DNA. The downstream edge of interactions
seems to be fixed by subunit H and is located at 
position +20. In comparison with eukaryotic RNA
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polymerase II and bacterial RNA polymerases it
turned out that the geometry of interaction with
transcribed DNA seems to be extremely conserved in
all three domains (Naryshkin et al., 2000; Bartlett et
al., 2004).

The next step in initiation of transcription is the
transition of a closed complex to an open complex.
RNA polymerase II needs for this step the DNA heli-
case activity of THIIH. This activity hydrolyzes the
β–γ phosphoanhydride bond of ATP and thereby trig-
gers open complex formation. In vitro transcription
experiments demonstrate that the TFIIH require-
ment could be bypassed by using a supercoiled tem-
plate (Holstege et al., 1997; Yan & Gralla 1997). In
contrast, archaeal RNA polymerases do not need ATP
hydrolysis for open complex formation (Bell et al.,
1998; Hausner & Thomm, 2001). This is independ-
ent of the topology of the template, but negative
supercoiling of templates facilitates promoter melting
at lower temperatures. These findings are also in
agreement with the data of genome sequencing proj-
ects, as there is no indication for a TFIIH-like factor
in Archaea. In Bacteria, ATP is also not required for
open complex formation of σ70-dependent promot-
ers, but genes involved in nitrogen metabolism tran-
scribed by a complex of σ54 with RNA polymerase
require ATP for promoter melting.

Promoter escape

Recently, archaeal transcription complexes, stalled at
different registers, were analyzed in more detail by
exonuclease III and potassium permanganate foot-
printing techniques. It turned out that one major
transition from initiation to elongation occurs
between positions +6 and +7 (Spitalny & Thomm,
2003). At position +7 the upstream edge of the RNA
polymerase resulted in a distinct exonuclease III
footprint at position −7. The translocation of the
downstream edge was found at register +10/+11,
where too reclosure of the initially open complex
occurred. Such a bubble collapse was very recently
suggested to define the RNA polymerase II promoter
clearance transition (Pal et al., 2005). The transition
from initiation to elongation is most likely also 
combined with dissociation of TFB. Xie and Reeve
(2004b) demonstrated that in Methanothermobacter
thermoautotrophicus TFB is released during extension
of the transcript from 4 to 24 nucleotides, whereas

TBP remains bound to the template DNA. This is in
agreement with results obtained with the eukaryotic
RNA polymerase II transcription machinery. Recent
data indicate that the TFIIB zinc ribbon domain over-
laps with the RNA channel and exiting RNA beyond
the DNA–RNA hybrid could facilitate the release of
TFIIB (Chen & Hahn, 2003; Bushnell et al., 2004).
Therefore it is tempting to speculate that archaeal
TFB is released in a similar manner.

Elongation complex

After promoter clearance the RNA polymerase goes
into the phase of formation of an early elongation
complex. Figure 16.1 shows a comparison of elon-
gation complexes from different domains on the
basis of published footprinting data. The archaeal
ternary complex covers a DNA segment of about
26–29bp depending on the stalled register (Spitalny
& Thomm, 2003). In complexes stalled at position
+20, the enzyme protects the DNA region from posi-
tion +4 to +32 from exonuclease III digestion (Fig.
16.1) . Thus, the binding site of the enzyme extends
over 29bp of DNA. A similar size of the RNAP
binding site was found in complexes of the E. coli
RNAP (Metzger et al., 1989) stalled at position +20
(28bp) and of RNA PolI (Kahl et al., 2000) stalled at
position +12 (32bp), indicating that the general
extension of elongating RNAP-molecules is similar in
the three domains of life. In the case of the eukary-
otic RNA polymerase II complexes the size of 
the RNAP binding site determined by DNase I and
exoIII footprintings varies between 26 and 55bp
(Linn & Luse, 1991; Samkurashivili & Luse, 1998;
Kireeva et al., 2000; Fiedler & Timmers, 2001).
However, most complexes analyzed by exoIII-
footprinting also show a size of around 32bp
(Samkurashvili & Luse, 1998), indicating that polII
complexes usually have a similar shape to other
RNAPs. The larger complexes reported may be due
to the presence of nonhomogeneous preparations of
elongation complexes, the use of a different nucle-
ase for footprinting (DNase I), and the existence of
unusual conformations of elongating polII mole-
cules, which are poorly understood. The front edge
of the archaeal RNAP is located 12bp downstream
from the last incorporated nucleotide. This distance
from the front edge of the footprint to the catalytic
center is, at 8bp, shorter in the bacterial and, at 
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17bp, longer in polI complexes (Fig. 16.1). The
archaeal transcription bubble comprises 15–17
nucleotides, which is similar to the bubble formed by
the polI enzyme (18bp); the bacterial bubble (12bp)
and the polII bubble (13bp) are shorter (Fig. 16.1).
The DNA–RNA hybrid in stalled archaeal elongation
complexes is 9bp (Fig. 16.1). DNA–RNA hybrids of
similar size were also found in bacterial and eukary-
otic ternary complexes (Fig. 16.1; Zaychikov et al.,
1995; Samkurashvili & Luse, 1998; Fiedler &
Timmers, 2001). Analysis of the crystal structure of
elongation polII complexes confirmed the existence
of a 9bp DNA–RNA hybrid (Fig. 16.1; Gnatt et al.,
2001; Westover et al., 2004). Recent analyses of RNA

polymerase II complexes indicate the formation of a
stable elongation complex after synthesis of a RNA
molecule of 23 nucleotides (Pal & Luse, 2003). Nor-
mally, such stable complexes are able to elongate
transcription in a productive manner, but sometimes
this process is made more difficult by misincorpora-
tion of nucleotides or certain DNA sequences, which
promote pausing or backtracking of elongation com-
plexes. Furthermore, elongating RNA polymerases
have also to deal with DNA-binding proteins that
could be involved in either gene regulation or wrap-
ping the DNA. To overcome such difficulties during
elongation of transcription additional factors are
involved, such as TFIIS or GreA/B.

Fig. 16.1 Comparison of ternary elongation complexes. Footprinting data of ternary elongation complexes of all
domains are shown. The data from the archaeal complex are from Spitalny and Thomm (2003) and the
Escherichia coli complex is shown based on data published by Zaychikov et al. (1995). The eukaryotic RNA
polymerase I complex was published by Kahl et al. (2000) and for the RNA polymerase II complex data are
summarized from Linn and Luse (1991), Samkurashvili and Luse (1998), Kireeva et al. (2000), and Fiedler and
Timmers (2001).
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Cleavage induction factor TFS

Archaeal genomes encode several transcription
factors that seem to be involved in elongation of
transcription. One of these transcription factors, TFS,
shows sequence similarity to the C-terminal domain
of eukaryotic transcription factor TFIIS as well as to
small subunits of eukaryotic RNA polymerases I, II,
and III (Fig. 16.2a; Langer & Zillig, 1993; Kaine et al.,
1994; Hausner et al., 2000). The corresponding 
subunits of the eukaryal RNA polymerases and the
archaeal TFS homologs are, with about 120 amino
acids, very similar in size and contain two zinc-
binding domains. Western blot analysis demon-
strated that archaeal TFS is a protein that does not
copurify with the RNA polymerase and is therefore
not a subunit of the archaeal RNA polymerase
(Hausner et al., 2000). In addition, the protein is able
to induce a cleavage activity in the RNAP in a
manner similar to eukaryotic TFIIS or bacterial
GreA/B (Fig. 16.2b). Backtracked or arrested elon-
gation complexes are signals for TFS-induced hydrol-
ysis. In backtracked complexes the catalytic center of
the enzyme is no longer located at the 3′-end of the
nascent RNA (Fig. 16.2b, second panel) and there-
fore the RNA chain cannot be elongated in these
complexes. TFS-induced cleavage generates a new
3′-end of the RNA, which is then located again at the
catalytic site of the enzyme (Fig. 16.2b, third panel).
The catalytic activity of arrested elongation com-
plexes is restored after cleaveage. In most cases,
hydrolysis is combined with the release of dinu-
cleotides (Fig. 16.2b, fourth panel; Hausner et al.,
2000). Furthermore, TFS and functionally related
proteins like GreA and GreB are able to improve the
fidelity of transcription (Erie et al., 1993; Jeon &
Agarwal, 1996; Thomas et al., 1998; Lange &
Hausner, 2004). The molecular mechanism of
GreA/B and TFIIS action and the structural models
of GreA/B and TFIIS in combination with their
cognate RNA polymerases were published by differ-
ent groups (Kettenberger et al., 2003, 2004; Opalka
et al., 2003; Sosunova et al., 2003). Although the
corresponding proteins in Bacteria and Eukarya are
completely different in primary sequence as well as
three-dimensional structure, both use a very similar
strategy to convert the active sites of their RNA
polymerases into ribonucleases. Two highly con-
served acidic residues, Asp and Glu, of TFS or GreA/B
were placed into the active site of the RNA poly-

merase through the secondary channel and were
involved in the coordination of Mg2+, which is 
necessary for RNA hydrolysis (Kettenberger et al.,
2003). Since these two residues are also conserved
in archaeal TFS molecules, it is most likely that a
similar mechanism for RNA cleavage is used in
Archaea.

The data from the archaeal genome sequencing
projects indicate that almost all Archaea contain one
copy of the tfs gene. In some cases the corresponding
genes were annotated with subunit M of the RNA
polymerase according to the previous assumption
that this gene is a component of the RNA polymerase
(Kaine et al., 1994; Soppa, 1999; Hausner et al.,
2000). Only in Methanopyrus kandleri has no copy of
the tfs gene been found, but with respect to the 
high evolutionary rate of its transcription machinery
it could also be possible that TFS function may be
replaced by a non-homologous protein yet to be 
discovered (Brochier et al., 2004). It is also possible
that this organism can survive without a TFS-like
activity. Genetic analyses in Escherichia coli and Sac-
charomyces cerevisiae indicate that greA/B and tfIIs
mutants can survive without these cleavage induc-
tion factors (Archambault et al., 1992; Orlova et al.,
1995).

Termination

At present, knowledge of the process of termination
of transcription in Archaea is rather poor. A com-
parison of 3′-ends of stable RNAs revealed the con-
sensus sequence 5′-TTTTAATTTT-3′ as a termination
signal (Thomm, 1996). A mutational analysis of this
sequence followed by in vitro transcription experi-
ments confirmed the role of this sequence in 
termination of transcription (Thomm et al., 1994).
Deletion of four residues from the 3′-end of the
decameric sequence completely abolished termina-
tion. An internal deletion of the preceding stem-loop
structure corresponding to the TΨC loop of a tRNA
also significantly reduced termination efficiency.
Furthermore, a Rho-independent terminator of
Escherichia coli can perfectly replace the archaeal
oligo-dT terminator (Thomm et al., 1994). Taken
together, these findings indicate that archaeal tran-
scription complexes can terminate by a mechanism
similar to the intrinsic transcription terminators in
Bacteria.
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Fig. 16.2 Archaeal TFS. (a) Schematic drawing of domains present in archaeal TFS, eukaryotic subunits A12.2,
B12.6, and C11, and eukaryotic TFIIS. The corresponding subunits of eukaryotic RNA polymerases and archaeal
TFS are very similar in size and each consists of two zinc binding domains, whereas eukaryotic TFIIS contains
only one zinc binding domain (III) and two other domains (I and II). Western blot analysis and in vitro
transcription experiments demonstrate that TFS is no subunit of the archaeal RNA polymerase and catalyzes
similar functions to the eukaryotic TFIIS (Hausner et al., 2000). (b) TFS is able to induce a cleavage activity in
the RNA polymerase. Paused or arrested archaeal elongation complexes tend to backtrack (at least one
nucleotide from the pretranslocation state). In the next step TFS interacts with the catalytic center of the
backtracked RNA polymerase and induces the release of a dinucleotide from the 3′-end of the RNA
(Kettenberger et al., 2003; Lange & Hausner, 2004). After cleavage the RNA polymerase could continue
elongation.

(a) (b)
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At the moment it is not known whether there are
further mechanisms to release RNA from elongation
complexes. Genome data indicate that there is no
Rho-like protein in Archaea. An Mfd homolog could
not be found either. This protein is able to reactivate
or recycle stalled or arrested elongation complexes in
Bacteria and could therefore mediate a third mech-
anism of bacterial termination (Roberts & Park,
2004). It is structurally related to superfamiliy II heli-
cases, but is unable to unwind DNA or RNA (Mahdi
et al., 2003). Another helicase-like activity that 
is involved in elongation of transcription is the 
bacterial RapA (HepA) protein, which belongs to 
the SWI/SNF superfamily of helicase-like proteins
(Sukhodolets et al., 2001). RapA has an ATPase
activity and is able to stimulate in vitro transcription
on supercoiled DNA and high salt concentrations,
conditions that are combined with highly compacted
DNA. Moreover, RapA can also promote RNA poly-
merase recycling (Sukhodolets et al., 2001). The 
corresponding eukaryotic SWI/SNF complex is an
ATP-dependent chromatin-remodeling machinery
that provides access to the compacted DNA for 
transcribing RNA polymerases (Martens & Winston,
2003). Although these complexes are very large in
size and can be divided into different classes, it could
be demonstrated that individual subunits containing
the ATPase activity of such complexes can mediate
chromatin-remodeling (Phelan et al., 1999; Saha 
et al., 2002). Interestingly, in most of the sequenced
archaeal genomes, homologous proteins seem to be
present. Therefore, it is possible that some Archaea
can use a similar mechanism to remodel chromatin
structure or to bypass DNA-bound protein.

In Archaea, there are several groups of small
DNA-binding proteins that compact the genome; 
for instance, Sul7d, Alba, HTa, MC1, and histones
(reviewed by Reeve, 2003). Archaeal histones are
closely related to the eukaryotic histones H3 and H4.
In contrast to eukaryotic octamers, in Archaea
tetramers are responsible for wrapping and com-
pacting DNA into nucleosomes (Bailey et al., 1999).
Archaeal histones seemed to be a special invention
of the Euryarchaeota, but the recent finding of 
histones in mesophilic Crenarchaeota supports the
theory that histones evolved before the divergence
of Archaea and Eukarya and were lost in hyperther-
mophilic crenarchaeotes (Cubonova et al., 2005). As
histones or other DNA-binding proteins are involved
in compacting of the DNA, the transcriptional

machinery has to deal with the restricted access to
the DNA. First in vitro experiments indicate that the
RNA polymerase from Methanothermobacter thermoau-
totrophicus is able to traverse archaeal nucleosomes
(Xie & Reeve, 2004a). The transcription rate was
slowed down, but transcription was not blocked
completely. This is in agreement with experiments
using eukaryotic RNA polymerase III (Studitsky 
et al., 1997). In contrast, eukaryotic RNA polymerase
II and the bacterial one were unable to extend a 
promoter-initiated transcript through a eukaryotic
nucleosome in vitro under physiological salt condi-
tions (Walter & Studitsky, 2001; Walter et al., 2003).
In the case of the eukaryotic RNA polymerase 
II chromatin-remodeling factors, like FACT or
SWI/SNF, are necessary to allow the RNA poly-
merase to pass the nucleosomes (reviewed by Sims
et al., 2004). A recent publication indicates that the
nucleosomes induce an arrest of backtracked RNA
polymerase II molecules and TFIIS can reactivate the
backtracked complexes and promote transcription
through the nucleosomes (Kireeva et al., 2005). As
the archaeal TFS can also reactivate arrested com-
plexes (Hausner et al., 2000), it is most likely that
this protein is also involved in transcription through
archaeal nucleosomes. Furthermore, a genetic
approach in Saccharomyces cerevisiae revealed an inter-
action between TFIIS and the SWI/SNF complex
(Davie & Kane, 2000). Therefore, it is tempting to
speculate that Archaea can apply in principle a
similar mechanism to remodel the chromatin struc-
ture and to bypass DNA-bound protein in elongation
complexes using TFS and an archaeal homolog of the
SWI/SNF component.

Transcriptional regulation

Archaeal genome sequencing projects suggested that
the basic eukaryotic-like transcription machinery is
controlled to a great extent by bacterial-like tran-
scriptional regulators. A detailed analysis of putative
DNA-binding domains in archaeal genomes revealed
that all Archaea encode a large number of proteins
containing a helix–turn–helix motif, which is more
similar to bacterial helix–turn–helix domains than to
eukaryotic ones (Aravind & Koonin, 1999). Mean-
while, some negative transcriptional regulators of
different Archaea were analyzed. On first sight many
of them seemed to function in a similar way to 
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bacterial repressors. But a closer look at the molecu-
lar detail revealed that unique mechanisms of gene 
regulation exist in Archaea, which we would like to
emphasize in this review.

The basic concept of negative transcriptional regu-
lation in Archaea uses a DNA-binding protein, whose
binding site overlaps with the promoter or with the
binding site of the RNA polymerase, and the DNA-
bound protein represses transcription by preventing
binding of the transcription factors TBP and TFB or the
RNA polymerase. The various strategies of this
concept used in Archaea have been reviewed by a
number of authors (Reeve, 2003; Ouhammouch,
2004; Bell, 2005; Geiduschek & Ouhammouch,
2005). Therefore, here we summarize only some basic
features. Most of the available data are derived from
the Lrp family. Archaeal paralogs of the bacterial Lrps
are present in almost all Archaea. LrpA from Pyrococcus
is able to inhibit transcription of its own gene by
binding to a DNA site that overlaps with binding of the
RNA polymerase (Dahlke & Thomm, 2002). DNA-
bound Sulfolobus Lrs14 inhibits binding of the archaeal
transcription factors TBP and TFB (Napoli et al., 1999;
Bell & Jackson, 2000b). Further examples of negative
regulators are, for instance, NrpR or Mdr1. NrpR is 
an euryarchaeal nitrogen repressor that inhibits the
expression of the nif operon in the presence of
ammonia or alanine (Lie et al., 2005). Mdr1 is a metal-
dependent repressor that is involved in transcrip-
tional regulation of genes encoding metal-importing
ABC transporters. Metal ion-dependent binding of
Mdr1 to operator sequences that overlap the start site
of transcription blocks RNA polymerase recruitment
(Bell et al., 1999a).

Beside these strategies for negative regulation,
which indeed represent bacterial repressor systems,
there are some examples of archaeal-specific 
peculiarities. For instance, Methanocaldococcus Ptr2, a
protein also belonging to the Lrp family, is able to
recruit TBP to the promoter. Therefore, Ptr2 acts as
a positive regulator and this kind of interaction
between a bacterial-like regulator and an eukaryotic-
like transcriptional machinery seems to be a novel
invention of Archaea. A detailed biochemical 
analysis revealed that Ptr2 binds to specific DNA
sequences, located in proper distances upstream of
the promoter, and facilitates binding of TBP to the
promoter, most probably by protein–protein inter-
actions (Ouhammouch et al., 2003, 2005). A further
transcriptional activator with archaeal-specific fea-

tures, GvpE, was characterized in more detail by in
vivo analysis and is the subject of Chapter 17 in this
volume (see also Pfeifer et al., 2002).

In Pyrococcus, the regulation of two distinct ABC
transporter systems for the uptake of maltose/
trehalose and maltodextrins shows an archaeal spe-
ciality. The expression of the ABC transporters is con-
trolled by the regulator TrmB. In the absence of
maltose or trehalose TrmB binds to the promoter of
the mal genes and inhibits transcription by prevent-
ing binding of the transcription factors. The repres-
sion can be counteracted by the presence of maltose
or trehalose (Lee et al., 2003). The system described
so far represents a bacterial repressor system, but
TrmB can also bind to a completely different binding
site overlapping the transcription start site of the
maltodextrin promoter, and in this case bound TrmB
can be only released by maltodextrin and not by
maltose or trehalose (Lee et al., 2005). Therefore, the
behavior of TrmB in responding in a different way to
the presence of maltose in dependence on the bound
target sequence seems to be a novel invention of
Archaea, without any comparable parallel in Bacte-
ria or Eukarya.

Phr, a putative regulator of the heat shock response,
is present in most Euryarchaeota and was analyzed in
more detail in Pyrococcus furiosus. The protein is able to
repress the transcription of genes involved in the heat
shock response by binding to a palindromic sequence
overlapping the transcription start site (Vierke et al.,
2003). Analysis of the crystal structure of Phr showed
that it consists of a winged helix–turn–helix–protein
containing four helices in the N-terminal domain. A
mutational analysis demonstrated that amino acids in
three helices and the wing-region are required for
DNA binding (W. Liu, G. Vierke, A.-K. Wenke, M.
Thomm & Rudolf Ladenstein, in preparation). There-
fore, this kind of binding seems to be a novel mode of
DNA–protein interactions because well described
winged helix–turn–helix proteins contact the DNA
only with one helix or with the wing-region (Gajiwala
& Burley, 2000).

Analysis of the heat shock system in Pyrococcus
revealed that heat shock regulation also differs 
from those in Bacteria and Eukarya. The basic 
principles of heat shock regulation are shown in 
Fig. 16.3. The main goal of the heat shock response
is to switch on the expression of a special group of
genes, the heat shock genes, which contain different
classes of chaperones, like Hsp70/DnaK and
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(a)

(b)

(c)

Fig. 16.3 Comparison of heat shock response. Schematic representation of archaeal, eukaryotic, and bacterial
heat shock responses. The archaeal model is based on data of Vierke et al. (2003), the eukaryotic one on data of
Morimoto (2002), and the bacterial one on data of Yura and Nakahigashi (1999).

Hsp60/GroEL. These proteins are necessary to refold
or to degrade denatured proteins. The heat shock
response seems to be extremely conserved in nature,
but the data so far available in Pyrococcus indicate
some differences. First of all, most Archaea and all
hyperthermophiles lack the Hsp70/DnaK system
(Hickey et al., 2002).

The major archaeal heat shock genes are a small
heat shock protein Hsp20, an aaa+ ATPase, and the
Hsp60/GroEL homolog, the thermosome (Laksanala-
mai et al., 2001). Furthermore, Pyrococcus heat shock

genes have an archaeal consensus promoter
sequence and transcription of these genes is switched
off in vitro due to the action of the repressor Phr
(Vierke et al., 2003) binding to a conserved sequence
typical for Pyrococcus promoter sequences located at
the transcription start site (the consensus sequence
is indicated in Fig. 16.3a). After heat shock, the
repressor is released and transcription of these genes
is possible, most likely by the normal transcriptional
machinery (Fig. 16.3a; G. Vierke & M. Thomm,
unpublished data).
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Eukarya need an activator, HSF, for the expression
of the Hsp70/DnaK system, and Bacteria need a
special σ-factor. In Eukarya, the heat shock transcrip-
tion factor HSF forms under physiological growth
conditions a complex with Hsp70 and is released after
heat shock, as Hsp70 has chaperone activity and inter-
acts with heat-denatured proteins (Fig. 16.3b). After
trimerization and phosphorylation of released HSF,
the modified factor is able to recognize a specific DNA-
binding site at heat shock promoters, the heat shock
element (HSE) (the sequence of the HSE is shown in
Fig. 16.3b). Binding of the heat shock factor to the
HSE sequence element leads to activation of tran-
scription of heat shock genes (Fig. 16.3b, to the right;
reviewed by Morimoto, 2002).

In Bacteria, there are at least two main groups of
heat shock systems. One is also negatively controlled
with a repressor and is mainly found in Firmicutes.
The other common system in Bacteria uses a special
heat shock promoter sequence for the coordinate

expression of these genes, and transcription of the
corresponding genes requires σ32 instead of σ70 (Fig.
16.3c). The promoters recognized by the complex of
the core enzyme of RNAP with σ32 have a consensus
promoter differing from the bacterial consensus pro-
moter sequence recognized by σ70 (the σ32 consensus
sequence is shown in Fig. 16.3c, to the left). By con-
trast, in Archaea the heat shock promoters contain
canonical TATA-box and BRE-consensus sequences
but are characterized by a conserved inverted repeat
sequence at the transcription start site recognized by
the archaeal heat shock regulator Phr (Vierke et al.,
2003). The concentration of σ32 increases after 
heat shock as a result of multiple modes of regu-
lation at the transcriptional, translational, and post-
translational levels. The complex of σ32 with RNAP
recognizes the heat shock promoters, and as a con-
sequence, transcription of the heat shock genes is
dramatically intensified (reviewed by Yura & Nakahi-
gashi, 1999).
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Introduction

Halophilic Archaea thrive in hypersaline environments such as natural salt lakes or salterns at salt concen-
trations up to the saturation of sodium chloride. The family Halobacteriaceae includes neutrophilic halophiles
(such as Halobacterium, Haloferax, Haloarcula, and Haloquadratum), and haloalkaliphiles such as Halorubrum
and Natronobacterium. The genome sequences of Halobacterium salinarum NRC-1 (Ng et al., 2000) and Haloar-
cula marismortui (Baliga et al., 2004) have been determined, and a comparison of the 2.01Mbp genome of
Hbt. salinarum and the 4.27Mbp genome of Hac. marismortui suggests that Hbt. salinarum has a streamlined
smaller genome possibly arising from a common ancestor to Hac. marismortui. In general, Haloarchaea contain
circular chromosomes of relatively high G+C content (62–68% G+C), and several smaller replicons of
100–600kbp with significantly lower G+C contents of 54–60% (Pfeifer, 1986; Ng et al., 2000; Baliga et al.,
2004).

Two characteristic features of Hbt. salinarum are the purple membrane, synthesized under conditions of
high light intensities and low oxygen tensions with bacteriorhodopsin as major constituent, and gas vesicles
that enable the strain to move toward the surface of the brine. The Hbt. salinarum group includes the former
species Hbt. halobium, Hbt. cutirubrum, and Hbt. salinarium, but also isolates derived from salterns in the San
Francisco Bay (SB3), the Mediterranean coast in France (GRB), and the Baja California (GN101). All these
strains are related, but the latter three isolates harbor different plasmid populations and possess a significantly
smaller number of insertion elements (ISH elements) compared to the Hbt. salinarum strains PHH1 and NRC-
1 that are commonly used in the lab and deposited in culture collections (Pfeifer, 1986; Ng et al., 2000). PHH1
and NRC-1 originate from the same Hbt. halobium isolate, but genomic rearrangements due to the action of
a large number of insertion (ISH) elements occurred, especially in AT-rich islands in the chromosome and in
the plasmid population (Pfeifer & Betlach, 1985; Pfeifer & Ghahraman, 1993; Ng et al., 2000).

The genes involved in purple membrane (mutation rate 10−4), bacterioruberin (10−4) or gas vesicle syn-
thesis (10−2) are affected by ISH elements at high frequencies (Pfeifer et al., 1981). The gene clusters involved
in gas vesicle (gvp) or purple membrane (bop) formation have been identified in both strains (Betlach et al.,
1983; DasSarma et al., 1983, 1988; Horne et al., 1991). Both clusters are regulated by a transcriptional acti-
vator protein, and environmental factors such as oxygen, light, and salt concentration appear to influence
their expression.

The initiation of basal transcription in Archaea involves a multicomponent RNA polymerase (RNAP), a
TATA-box binding protein (TBP), and the transcription factor TFB that is homologous to the eukaryal TFIIB
(Bell & Jackson, 2001). Both gene clusters were investigated in vivo, since efficient genetic transformation
systems are available for Halobacterium and Haloferax species. Vector plasmids have been developed that contain
either the mevinolin or the novobiocin resistance gene as a selective marker. Together with the expression
vector pJAS35 containing the strong ferredoxin gene promoter Pfdx (Pfeifer et al., 1994), and the reporter gene

17
Transcriptional regulation 

in Haloarchaea

Felicitas Pfeifer, Torsten Hechler, 
Sandra Scheuch and Simone Sartorius-Neef
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Regulation of gas vesicle formation in
Hbt. salinarum and Hfx. mediterranei

Gas vesicles and vac regions in
halophilic Archaea

Gas vesicles are gas-filled proteinaceous particles of
spindle or cylindrical shape that are produced con-
stitutively in Hbt. salinarum PHH1 and NRC-1, as well
as in Haloquadratum walsbyi (Fig. 17.1). In contrast,
Hbt. salinarum PHH4 (a pHH1-deletion strain) and
the Halobacterium isolates SB3, GN101, and GRB, as
well as Hfx. mediterranei and Halorubrum vacuolatum,
produce gas vesicles in the stationary growth phase
only. Gas vesicle formation in Hfx. mediterranei and
the haloalkaliphilic Hrr. vacuolatum also depends on
the salt concentration in the medium, i.e. cells grown
in media containing 15–17% NaCl are gas vesicle
free (Rodriguez-Valera et al., 1983; Englert et al.,
1990; Mayr & Pfeifer, 1997). The possession of gas
vesicles enables the cells to move to the surface of
the brine where oxygen and higher light intensity
are available. This is especially important at high salt
concentrations, where the oxygen solubility is low.
In cultures standing on the lab bench, Hbt. salinarum
wild type cells form a pellicle at the surface, whereas
all other Haloarchaea use gas vesicles to control their

position in the water column rather than floating at
the surface.

Gas vesicles are composed of at least two struc-
tural proteins. The major 8kDa structural protein
GvpA forms a rigid, ribbed envelope that allows the
diffusion of dissolved gases, but prevents the passage
of liquid water due to the hydrophobic inner surface
formed by GvpA. The second structural protein,
GvpC (31–42kDa), is located on the outside of the
gas vesicle and stabilizes the ribbed structure formed
by GvpA, but also has a function in determining 
the constant diameter of the cylindrical portion. 
The genes encoding GvpA in Hbt. salinarum PHH1
and NRC-1 have been identified using a cyano-
bacterial gvpA gene probe, and all additional gvp
genes involved in gas vesicle formation were
detected through gas vesicle negative mutants that
are usually caused by the integration of an ISH
element in or near the gvpA gene in plasmid 
pHH1 (or the related pNRC100 of NRC-1) (Pfeifer 
et al., 1981; DasSarma et al., 1988; Horne et al.,
1991). Transformation of the gas vesicle negative 
Hfx. volcanii with fragments containing the gvpA gene
and surrounding sequences finally determined the
boundaries of the gvp gene clusters and led to 
the identification of the genes that are required for
their formation (Englert et al., 1992b; Offner et al.,
2000). In Hbt. salinarum PHH1 and Hfx. mediterranei,

bgaH encoding a halophilic enzyme with β-galactosidase activity (Holmes & Dyall-Smith, 2000), these tools
are suitable for in vivo studies. Hbt. salinarum or the moderately halophilic Haloferax volcanii is used to trans-
form. A close relative of Hfx. volcanii is Hfx. mediterranei, a gas vesicle producer isolated from the salterns near
Alicante, Spain.

This chapter summarizes our current knowledge regarding different gvp gene clusters of Haloarchaea, and
of the bop gene cluster involved in purple membrane synthesis of Hbt. salinarum.

Fig. 17.1 Gas vesicle containing cells viewed by phase contrast microscopy, and isolated gas vesicles viewed by
electron microscopy.
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the gas vesicle gene clusters (= vac region) are com-
posed of 14 gvp genes, arranged as two oppositely 
oriented clusters, gvpACNO and gvpDEFGHIJKLM
(Englert et al., 1992a). Two distinct vac regions 
(p-vac located on plasmid pHH1, and c-vac on a
larger mini-chromosome) are present in Hbt. sali-
narum PHH1 that are related but not completely
identical to the gvp1 (p-vac) and gvp2 (c-vac) gene
clusters of Hbt. salinarum NRC-1 (Ng et al., 2000). A
single vac region (mc-vac) is found in the chromo-
some of Hfx. mediterranei. Eight of these genes are the
minimal requirement for gas vesicle formation 
as determined for the p-vac region (Fig. 17.2). The 
p-vac region (and also the gvp1 gene cluster in 
NRC-1) is frequently affected by ISH elements (Fig.
17.2) (Horne et al., 1991), whereas in the case of 
the slightly smaller c-vac region leading to gas 
vesicles in the p-vac deletion strain Hbt. salinarum
PHH4 only, an integrated insertion element has
never been observed in gas vesicle mutants. The
related gvp2 cluster of NRC-1 lacks the essential gvpM
gene found in c-vac and is thus not functional in gas
vesicle formation. The haloalkaliphilic Hrr. vacuola-
tum contains only 12 of the gvp genes arranged as 
the gvpACNOFGHIJKLM gene cluster (= nv-vac
region) that is transcribed from a single promoter,
PnvA (Fig. 17.2) (Mayr & Pfeifer, 1997; Pfeifer, 2004).
Genes related to gvpD and gvpE have not yet been
identified.

Regulation of gvp promoters and
promoter structures
The PA promoter located in front of gvpACNO drives
the synthesis of the major (GvpA) and minor (GvpC)
gas vesicle structural proteins in all four vac regions.
The 340-nt gvpA mRNA contains a 20–21nt leader
region and is produced as dominant gvp transcript in
large amounts, with a relatively long half-life of 80
minutes determined for Hfx. mediterranei (Jäger et al.,
2002). All other transcripts (including the longer
gvpACNO mRNA) are only present in minor amounts
(Offner & Pfeifer, 1995; Krüger & Pfeifer, 1996;
Röder & Pfeifer, 1996). The relatively low stability
determined for the latter gvp transcripts is not
affected by the salt concentration in the medium, but
the mc-gvpA mRNA appears to decay about twice as
fast in cultures grown in 18% salt compared to cul-
tures grown at 25% salt, contributing at least in part
to the salt-dependent gas vesicle formation in Hfx.
mediterranei (Jäger et al., 2002). The PD promoter 
separated by 100bp (p-vac and mc-vac) or 122bp 
(c-vac) from PA is responsible for the formation of the
two endogenous regulatory proteins GvpD and
GvpE, and additional proteins involved in the 
formation of the gas vesicle structure (Shukla & 
DasSarma, 2004). GvpE is a transcriptional activator,
whereas GvpD is involved in the repression of gas
vesicle formation.

Fig. 17.2 Genetic map of the gas vesicle genes of Hbt. salinarum PHH1 (p-vac) and Hrr. vacuolatum (nv-vac). The
gvp genes are depicted as boxes labeled A and C through O. The eight gvp genes constituting the minimal p-vac
region are shaded in gray. Arrows above the map indicate start sites and the direction of transcription. The
interaction of GvpD and GvpE, and of the transcriptional activator GvpE at PpA and PpD, are indicated above.
Triangles below the map depict insertion sites of ISH elements in gas vesicle negative mutants. The 1443bp
ISH30 element is inserted immediately upstream of the TATA box in the PnvA promoter in nv-vac.
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The p-vac region expressed throughout growth is
transcribed from four promoters (PpA, PpD, PpF, and
PpO), two of which (PpA and PpD) are activated by GvpE
(Fig. 17.2) (Hofacker et al., 2004). PpA is the strongest
promoter, followed by PpF, PpD, and PpO (relative BgaH
activities in mU/mg: 104 > 5 > 1.3 > 1 for PpA > PpF >
PpD > PpO; Hofacker et al., 2004; Sartorius-Neef &
Pfeifer, unpublished). The two promoters PpF and PpO

are not described for the homologous gvp1 gene
cluster of Hbt. salinarum NRC-1. A scanning mutage-
nesis encompassing 50bp upstream of the transcrip-
tion start site in PpA demonstrates that the promoter
strength is affected by the TATA box and surround-
ing sequences, since mutations in this region lead to
a lack of basal transcription (Hofacker et al., 2004).
The sequence AACCA located 8bp upstream of the
PpA-TATA box appears to be crucial for the GvpE-
mediated activation of the PpA promoter (Fig. 17.3a).
This sequence is part of the GvpE-responsive element
that has been determined in PmcA (see below). Only
two promoters (PA and PD) drive the expression of 
c-vac and mc-vac, and all except PcD are activated 
by GvpE (Gregor & Pfeifer, 2001; Zimmermann &
Pfeifer, 2003). The reason for the lack of PcD activa-
ton is the 22bp insertion upstream of the PcD-TATA

box that separates the putative GvpE-responsive
element from this c-vac promoter.

A strong gvp promoter activity is only achieved in
the presence of GvpE, and the largest promoter activ-
ity is found with PmcA of mc-vac induced by cGvpE,
that reaches a similarly high activity as found for the
Pfdx promoter of the halobacterial ferredoxin gene
(Gregor & Pfeifer, 2005). The lack of GvpE in ∆E
transformants (that carry a deletion of the gvpE gene
in p-vac) results in gas vesicle negative mutants, indi-
cating that the activation of PpA and PpD by GvpE is
required for the formation of gas vesicles (Offner et
al., 2000). The weakest of all gvp promoters is PcA of
the c-vac region that lacks a basal promoter activity
and is only active in the presence of the homologous
cGvpE (Gregor & Pfeifer, 2001).

A 4bp scanning mutagenesis done throughout the
50bp region separating the respective TATA-box of
PmcD and PmcA in mc-vac determined the sequence
TGAAACGG-n4-TGAACCAA as being important for
the GvpE-mediated activation of PmcA (Fig. 17.3b)
(Gregor & Pfeifer, 2005). This sequence is located 
40nt upstream of the transcription start and 8nt
upstream of the PmcA-TATA box. A similar sequence
element is found in all promoters affected by GvpE,

(a)
GvpE binding site TATA

-70 -60 -50 -40 -30 -20 -10 +1
PmcA TGTTTGACTCATTACGAGAGGTGAAACGGTTGCTGAACCAACACGAATGATTTTGTTACTTGCCAACACGTTTTCAGATG
PpA AGTACGACTCATTACAGGAGACATAACGACTGGTGAAACCATACACATCCTTATGTGATGCCCGAGTATAGTTAGAGATG
PcA TCAGCGAACTATTACGAGCGCCGAAACGGGGGTTGAACTCACAACGGCGGTTTTCCGGACACTCCCTGTAGTTGCGGGTG
PmcD CATTCGTGTTGGTTCAGCAACCGTTTCACCTCTCGTAATGAGTCAAACATCTAAGTAGTTTGGCAGATGAATGACA
PpD ACCAGTCGTTATGGTTTCACCAGTTATGTCTCCTGTAATGAGTCGTCATTCTAAGTACGGAGAGTGTAAAGCTTCTTAG
PcD CGTTTCGGCGCTCGTAATAGTTCGCTGATTTGTACAAAATCTTGAACAAGATAAAAATGCGTTCTTATTGTTTCAACACT

AAGCCTGGGATTCCCCCGTTAAGTAACGCGAAATGTTATATCGGTACTTCCCGAA----ISH30-------
PnvA >-----ISH30-----CGATTACGTCAATTCGTGAAGTACCGAAAAGACTATTATATCCCCGTGATATTTCTAATCG

(b)

TATA-PmcD . . . . TATA-PmcA
CCGAAACTACTTAGATGTTTGACTCATTACGAGAGGTGAAACGGTTGCTGAACCAACACGAATGATTTTGTTACTTGCCA
GGCTTTGATGAATCTACAAACTGAGTAATGCTCTCCACTTTGCCAACGACTTGGTTGTGCTTACTAAAACAATGAACGGT

Fig. 17.3 Alignment of the promoter regions of various gvpA and gvpD genes (a) and intergenic region between
PmcD and PmcA in mc-vac (b). The transcription start site in (a) is labeled +1, the TATA box are indicated in bold,
and the GvpE-responsive elements located 40bp upstream of the transcription start site are shaded in gray. The
AACCA sequence in PpA, determined as important for GvpE-mediated activation, is underlined. The partial
sequence of the ISH30 element inserted in PnvA given here is in gray, and the inverted repeats at the termini are
underlined. (b) The intergenic region between PmcD and PmcA is given as double-stranded DNA to highlight the
overlapping UAS elements shaded in gray in one strand only. Arrows mark the direction of the two TATA boxes.
Dots above the sequence indicate distances of 10nt.
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whereas PcD, PpF, and PpO (i.e. promoters not affected
by GvpE) are different. Most likely this sequence
constitutes the GvpE-responsive element. Altering
the space between the TATA box and this sequence
element leads to the loss of GvpE-induced gvpA tran-
scription, suggesting that it is an upstream activator
sequence (UAS). The distance between the respec-
tive TATA box of PmcD and PmcA is 50bp and thus very
short, and the putative divergent UAS element of PmcD

overlaps the UAS of PmcA in the center (Fig. 17.3b).
A search in the genome sequence of Hbt. salinarum
NRC-1 revealed that the GvpE-responsive element is
unique to the PA and PD promoters of the gvp gene
clusters. The PnvA promoter region of Hrr. vacuolatum
is distinct in that a 1443bp ISH-element is inserted
adjacent to the TATA box (Fig. 17.3a) (Mayr &
Pfeifer, 1997; and unpublished results). However, the
promoter region upstream of the ISH30 shows a
similar sequence element, implying that the GvpE
would be able to activate the original PnvA promoter.

The regulatory proteins GvpD and GvpE

The transcriptional activator GvpE is a 21kDa protein
that dimerizes in solution and resembles a basic
leucine zipper protein as suggested by molecular
modeling of the C-terminal AH6 helix and mutation
analyses (Krüger et al., 1998; Plößer & Pfeifer, 2002).
The GvpE protein appears in late exponential growth
in Hbt. salinarum PHH4 and Hfx. mediterranei, prior to
the gas vesicle formation (Krüger & Pfeifer, 1996;
Zimmermann & Pfeifer, 2003). Mutants of cGvpE of
the c-vac region with alterations of the leucine zipper

helix AH6, or of the two putative DNA binding sites
DNAB and AH4 (see Fig. 17.4), are unable to stimu-
late the expression of the reporter construct PcA-bgaH
in Hfx. volcanii transformants. Additional motifs that
resemble functional domains of known bacterial reg-
ulator proteins have not been detected in GvpE; the
protein contains neither a PAS/PAC nor a GAF
domain as found in the Bat activator protein (see
below).

The larger GvpD protein (54–60kDa) is present
during the very early growth phase of Hbt. salinarum
PHH4 (Krüger & Pfeifer, 1996), whereas in Hfx.
mediterranei mcGvpD appears shortly after mcGvpE
in late exponential growth (Zimmermann & Pfeifer,
2003). GvpD has a function in the repression of 
gas vesicle formation: transformants containing an
mc-vac region with an in-frame deletion in mc-gvpD
(= ∆D) are gas vesicle overproducers, and in ∆D/D
transformants the overproduction is complemented
by the wild type gvpD gene (Englert et al., 1992b;
Pfeifer et al., 1994). A p-loop motif found near the
N-terminus of GvpD is essential for this repressing
function (Fig. 17.4) (Pfeifer et al., 2001).

GvpE and GvpD are able to interact, since GvpE
can be purified from the lysate of Hfx. mediterranei
using a Ni-NTA matrix tagged with mcGvpDhis

(Zimmermann & Pfeifer, 2003). This interaction
could be part of the negative PA promoter control.
Interestingly, GvpE is absent in DEex transformants
(which contain mc-gvpDE expressed under Pfdx

control in DEex pJAS35), whereas Dex, Eex, or ∆DEex

transformants (carrying the in-frame deletion in mc-
gvpD) contain large amounts of these proteins 
(Zimmermann & Pfeifer, 2003). This apparent 

Fig. 17.4 Schematic view of the regulator proteins GvpD, GvpE, and Bat. Abbreviations used are: AH,
amphiphilic helix; DNAB, DNA binding site; bR, basic region; HTH, helix–turn–helix motif. Further explanations
are given in the text.
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instability of GvpE in the presence of GvpD could 
be the mechanism underlying the GvpD-mediated
reduction of the gas vesicle formation.

To date, the following model is proposed for the
regulation of the gvp gene cluster: GvpE activates the
PA promoter by binding to the GvpE-responsive
element (UAS sequence) and contacts proteins of the
basal transcription apparatus (RNAP, TBP, or TFB). It
is also possible that the binding of GvpE enables an
improved binding of transcription factors as demon-
strated for the activator protein Ptr2 of Methanococcus
jannaschii, which contacts and enhances the binding
of TBP (Ouhammouch et al., 2003). The presence of
GvpD results in a reduced GvpE-mediated activation,
most likely induced by the GvpD–GvpE interaction.
Since a functional p-loop is required for the repres-
sion, this interaction could lead to a modified GvpE
protein that has lost its activator function (due to a
loss of the DNA binding or of another function), or
results in an enhanced proteolytic degradation of
GvpE. On the basis of the uniqueness of the UAS,
GvpE appears to exclusively regulate the gvp gene
clusters.

Regulation of the purple membrane
synthesis in Hbt. salinarum

Structure of the bop gene cluster

The bop gene cluster located in the chromosome of
Hbt. salinarum encodes the structural and regulatory
proteins required for purple membrane synthesis.
This specialized membrane contains the retinal
protein bacteriorhodopsin (BR) as sole protein con-

stituent. BR acts as a light-driven proton pump, and
growth conditions of high light intensity and low
oxygen tension strongly induce BR synthesis. The bop
gene encodes the apoprotein bacterioopsin, and was
one of the first archaeal genes to be cloned. The bop
mRNA starts only two nucleotides upstream of the
ATG start codon. Purple membrane mutants of Hbt.
salinarum NRC-1 and Hbt. salinarum PHH1 occur with
frequencies of 10−4 and usually contain an ISH
element inserted either in the bop gene itself or
further upstream (DasSarma et al., 1983; Pfeifer et al.,
1984). The latter mutants led to the identification of
additional genes involved in the purple membrane
synthesis (Fig. 17.5). The three genes located here
affect bop gene expression: brp (bacterioopsin-related
protein gene), bat (bacterioopsin activator gene), and
blp (bacterioopsin-linked protein gene) (Betlach et
al., 1984; Leong et al., 1988b; Gropp et al., 1994). The
bop and brp genes are oppositely oriented and sepa-
rated by 526 nucleotides, and the brp transcript starts
without an mRNA leader at the AUG start codon. A
fourth gene (crtB1) located further upstream of blp
has been identified in the genome of Hbt. salinarum
NRC-1 on the basis of a common regulatory site in the
promoter (Baliga et al., 2001). This gene seems to
encode a phytoene synthase homolog required for
the first step of the carotene biosynthesis.

Regulation of the bop gene cluster and
the proteins encoded

The transcript level of bop remains low under condi-
tions of normal aeration, but increases under condi-
tions of low oxygen tension and high light intensities

Fig. 17.5 Genetic map of the bop gene cluster of Hbt. salinarum. The genes are indicated by boxes, and arrows
depict the length and direction of transcripts. Arrows in gray above brp and bat show the transcripts detectable
by Northern analysis. Triangles below the map indicate the integration sites of various ISH elements in purple
membrane mutants. Open triangles indicate mutants with orange phenotypes, whereas black triangles denote
mutants with white or pale yellow phenotype. The Bat protein activates all four promoters as indicated.
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(Shand & Betlach, 1991). The increase in transcripts
is due to the product of the bat gene. This gene
appears to be co-transcribed with brp, although
single transcripts can be detected for brp and bat (Fig.
17.5) (Betlach et al., 1984; Leong et al., 1988a). In
Hbt. salinarum wild type, the amount of the 2.0kb bat
mRNA increases 40-fold under low oxygen tension,
whereas the 1.1kb brp transcript remains unaltered
despite the proposed co-transcription of both genes
(Shand & Betlach, 1991). This difference could be
due to different mRNA stabilities, with an enhanced
degradation of the brp part of the brp-bat co-
transcript.

The product of brp is a membrane-bound protein
originally thought to be required for the activation
of bop under high light intensities (Shand & Betlach,
1991). This suggestion was derived from insertion
mutants in brp that are devoid of bacterioopsin 
and form white (when possessing gas vesicles) or
pale yellow (when lacking gas vesicles) colonies.
However, the lack of bop gene expression in these brp
insertion mutants is most likely due to a polar effect
of the ISH element in brp on bat transcription, result-
ing in a lack of the Bat activator. An additional analy-
sis of a mutant containing an in-frame deletion in brp
implies that Brp is involved in the formation of BR
rather than in the production of the apoprotein Bop
(Peck et al., 2001). The bop gene expression is not
affected in the mutant, but this mutant contains an
increased β-carotene content and forms orange red
colonies. From these results Peck et al., conclude that
Brp might be involved in the retinal synthesis 
and regulates or catalyzes the final conversion of 
β-carotene to retinal (Peck et al., 2001). However,
this has never been demonstrated on a biochemical
basis.

The 74kDa Bat activator protein is most likely an
oxygen and light sensor as suggested by the redox-
responsive PAS/PAC domains and a putative photo-
sensitive cGMP-binding domain, GAF, found in the
protein sequence (Fig. 17.4) (Gropp & Betlach, 1994;
Baliga et al., 2001). A helix–turn–helix motif near
the C-terminus could be involved in DNA binding,
although an interaction with the promoter region of
bop has not yet been shown. Also, the functions of
the postulated PAS/PAC and the GAF domains have
not yet been confirmed in vivo. However, a four
amino acid alteration in the PAC domain of Bat is
thought to be the reason for the purple membrane
overproducer phenotype of S9 (Fig. 17.4).

The fourth gene of the bop gene cluster, blp (bac-
terioopsin-linked protein gene), is co-regulated with
bop under low oxygen tension, but the function of
this protein is still not known (Gropp et al., 1994).

Regulatory sites in the bop
gene promoter

The putative Bat binding site in Pbop has been deter-
mined by deletion and saturation mutageneses. The
initial deletion analysis performed in Mary Betlach’s
lab confined the sequences responsible for oxygen-
and light-mediated regulation to a minimal 54bp
region upstream of the transcriptional start site of the
bop mRNA, and a 16nt conserved sequence element
located here has been postulated as Bat binding site
(Gropp et al., 1995). This sequence is conserved
between all promoters of the bop gene cluster (Pbop,
Pbrp, Pblp) and is also located upstream of crtB1 encod-
ing a putative phytoene synthase homolog (Fig.
17.6). Saturation mutagenesis confirmed the impor-
tance of this sequence element and defined the
nucleotides ACC located near the 5′ end and TTnG
at the 3′ end as most important (Baliga & DasSarma,
1999). Altering the spacing of this element to the
TATA box of Pbop leads to the loss of bop transcription
(Baliga & DasSarma, 2000).

Global transcriptome and proteome analyses
underline the coordinated coregulation of the bop
cluster genes: bop, brp, and blp are suppressed in a
bat::ISH mutant, whereas they are overexpressed in
the purple membrane overproducer strain S9 (Baliga
et al., 2002). These global analyses also demonstrate
a coordinate regulation of these genes under low
oxygen tension and light. Interestingly, the arcABC
operon encoding the enzymes required for arginine
fermentation is induced in the bat::ISH mutant,
whereas these genes are downregulated in the
purple membrane overproducer S9 (Baliga et al.,
2001). Thus, these two alternative energy producing
pathways, purple membrane and arginine fermenta-
tion, might be inversely regulated by Bat.

Two additional sequence characteristics are found
with the Pbop promoter. Saturation mutagenesis indi-
cates that the 7bp region between the TATA box and
UAS in Pbop is not important for bop gene transcrip-
tion, suggesting that Pbop lacks the TFB recognition
element BRE that binds TFB (Baliga & DasSarma,
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2000). An additional regulatory element in Pbop

appears to be an 11bp alternating purine–pyrimidine
sequence (RY box) that overlaps the TATA box by 
4bp and is able to adopt a non-B-DNA structure
under conditions of high DNA supercoiling (Fig.
17.6). A saturation mutagenesis study demonstrates
that the RY box in Pbop indeed modulates bop gene
transcription (Baliga & DasSarma, 2000). Because
lowered oxygen availability results in increased DNA
supercoiling, the bop gene could be regulated in
response to changes in dissolved oxygen concentra-
tion. An RY box is also found in the Pbrp promoter with
a similar effect on the transcription, whereas the
activity of Pblp is not affected by DNA supercoiling.

Conclusions

Regulation of the gvp and bop gene clusters occurs at
the transcriptional level and both depend on a par-
ticular activator protein that binds at the respective

UAS element located 40bp upstream of the tran-
scription start site. In the case of the gas vesicle gene
cluster, the 21kDa GvpE activates the two oppositely
oriented PA and PD promoters, and the activation is
“repressed” by the anti-activator GvpD. The distance
between these two gvp promoters is 50bp (from
TATA box to TATA box) and thus very short, leading
to an overlap of the oppositely oriented UAS
sequences in the center. Apart from a leucine zipper
at the C-terminus and two DNA binding sites, 
GvpE does not indicate other domains that could
enable a response to oxygen or light. In contrast, the
two oppositely oriented Pbop and Pbrp promoters 
are 470bp apart, and the 74kDa Bat activator
appears to act as light and oxygen sensor, due to
PAS/PAC and GAF domains found in the protein
sequence. Bat seems to regulate a larger regulon,
including the activation of all genes involved in the
purple membrane and carotene biosynthesis, but
also affects negatively the gene cluster required for
arginine fermentation.

UAS TATA RY-box
                           ACCcnactagTTnGG      tyTT/ATa

bop ATCGGTTCTAAATTCCGTCACGAGCGTACCATACTGATTGGGTCGTAGAGTTACACACATATCCTCGTTAGGTACTGTTG

brp GTTCCTTAAATATTCTCCAGTTCTGATACCCCACTAGCTTGGGTCTTTTTTGATGCTCGGTAGTGACGTGTGTATTCATA

blp GAGCGTGCCGCGCATGTGGGAGTTTCTACCAAATTGATTGGGGGCTGTAGTTACCCACCCACGCCACCATCATCCACACG

crtB1 TACCACGAGTACTAGCGCACCTAAAGCACCCAAAGTGATGGGGTGTCGGTTTGAGGCGCGCGAAACGAGTGTAGGTCCACA
       -70        -60       -50       -40       -30       -20       -10       +1

Fig. 17.6 Promoter regions of the four genes constituting the purple membrane cluster. The Bat-responsive UAS
is shaded in gray, the TATA box is given in bold, and the RY box consisting of alternating purine/pyrimidines in
bop and brp is underlined. The transcription start site is at position +1. The consensus sequences of UAS and
TATA given on top have been determined by saturation mutagenesis.
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Introduction

Aminoacyl-tRNAs are substrates for translation and are crucial in defining how the genetic code is interpreted
as amino acids. The ancient process of aminoacyl-tRNA synthesis (Ibba & Söll, 2000; Woese et al., 2000) pre-
cisely matches an amino acid with its cognate tRNA species, which contains the corresponding anticodon.
This is primarily achieved by the direct attachment of an amino acid to the corresponding tRNA by an amino-
acyl-tRNA synthetase (see the end of this chapter for abbreviations and other notes). The presence of a set
of 20 of these enzymes (one for each canonical amino acid), verified in Escherichia coli or in the eukaryotic
cytoplasm, was taken as confirmation of the prediction of this fact by Crick’s Adaptor Hypothesis (Crick, 1958).
This led to the view that aa-tRNA synthesis was the almost exclusive domain of the aaRSs. The inadequacies
of this view became obvious with the publication of the genome sequence of Methanocaldococcus jannaschii,
which contained identifiable orthologs for only 16 of the 20 known aaRSs (Ibba & Söll, 2001). We now know
that this apparent shortfall can be attributed to the existence of previously uncharacterized aaRSs and of novel
pathways for aa-tRNA synthesis. Moreover, studies showed that some of these unexpected routes of aa-tRNA
synthesis are not confined to Archaea, but are instead found in a wide variety of organisms (Ibba & Söll,
2001). Thus, investigations with Archaea had a major role in uncovering the unexpected diversity found in
aa-tRNA synthesis in nature.

Aminoacyl-tRNA synthesis 
proceeds by two pathways

Two routes to aa-tRNA exist: direct esterification of
the amino acid onto the 3′-terminus of the tRNA, or
a tRNA-dependent amino acid conversion of a non-
cognate amino acid charged to tRNA (Fig. 18.1). The
latter pathway is mainly used for the synthesis of the
amide aa-tRNA species Gln-tRNA and Asn-tRNA.
Present in most Bacteria, the Gln-tRNA biosynthesis
route takes advantage of a non-discriminating GluRS
to synthesize Glu-tRNAGln and a tRNA-dependent
amidotransferase (Glu-AdT) that converts the mis-
acylated aa-tRNA by amidation to the cognate Gln-
tRNAGln (Curnow et al., 1997). A similar pathway
exists to form Asn-tRNAAsn in many Archaea and

Bacteria using a non-discriminating AspRS and 
a tRNA-dependent amidotransferase (Asp-AdT)
(Curnow et al., 1996; Min et al., 2002). A synopsis
of aa-tRNA formation can be found in more detailed
reviews (Ibba & Söll, 2000). Below are two examples
of discoveries in Archaea that were very important
for the elucidation of processes occurring in Archaea
and in other domains.

Existence of two lysyl-tRNA synthetases
in nature

One of the most surprising outcomes of the sequenc-
ing of the M. jannaschii genome was the apparent 
lack of the expected class II LysRS (Bult et al., 1996).

18
Aminoacyl-tRNAs: deciphering and 

defining the genetic message

Alexandre Ambrogelly, Juan Carlos Salazar, Kelly Sheppard, Carla
Polycarpo, Hiroyuki Oshikane, Yuko Nakamura, Shuya Fukai,

Osamu Nureki and Dieter Söll
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Purification to homogeneity of the protein responsi-
ble for Lys-tRNA formation in a Methanococcus mari-
paludis cell-free extract revealed a LysRS with all the
features of a class I synthetase (Ibba et al., 1997a).
LysRS offers the first and still unique example of
functional convergence between the two evolution-
ary and structurally unrelated classes of aaRSs
(Terada et al., 2002). While it was initially thought
that this novel class I LysRS might be restricted to a
small subset of archaeal organisms, the ever increas-
ing number of sequenced genomes revealed the
presence of this second LysRS in the majority of
Archaea as well as in a significant number of Bacte-
ria (Ibba et al., 1997b). Notably, both class I and class
II LysRSs were found to coexist rarely; they have
been found so far only in the Methanosarcinaceae
and in Bacillus cereus. In these organisms the con-
comitant action of the class I and class II LysRSs is
required for the charging of interesting new tRNA
species involved in either suppression (Polycarpo et
al., 2003; see below) or growth-phase-specific
protein synthesis events (Ataide et al., 2005). The
ability of the class I and class II LysRS proteins to
form a ternary complex with a single tRNA molecule
may be a remnant of the evolutionary process that
generated the division of the aaRSs into two classes
of approximately ten members each (Ribas de 
Pouplana & Schimmel, 2001).

tRNA-dependent formation of 
amide aminoacyl-tRNAs

Gln-tRNA and Asn-tRNA synthesis in most Bacteria,
Archaea, and chloroplasts proceeds by the tRNA-
dependent amidation pathway (reviewed in Ibba &
Söll, 2004). Two tRNA-dependent amidotransferases
have been discovered (Tumbula et al., 2000). The

first is a heterotrimeric enzyme (GatCAB) that is
capable of converting Glu-tRNAGln into Gln-tRNAGln,
as well as converting Asp-tRNAAsn into Asn-tRNAAsn.
This enzyme is found in Bacteria, chloroplasts, and
Archaea. The second amidotransferase is a strictly
archaeal heterodimeric enzyme (GatDE) respon-
sible for Gln-tRNAGln formation only. Both enzymes
contain subunits with activities not normally associ-
ated with aa-tRNA synthesis. GatA is an amidase,
while GatD resembles a type I asparaginase. While
their activities make sense in relation to their
transamidation mechanisms (see below), it was
unexpected to find that nature co-opted amino acid
metabolizing enzymes to the process of protein syn-
thesis. A further example of the unforeseen inter-
relationship of the processes of protein synthesis and
amino acid formation is the finding that a large frac-
tion of Bacteria as well as the archaeon Sulfolobus
form asparagine solely by the tRNA-dependent con-
version of aspartate to asparagine by GatCAB (Min
et al., 2002).

Since the biochemical and structural analysis of
these original enzymes is much more advanced for
the Archaea-specific GatDE enzyme, we discuss in
more detail below our first understanding of the
Methanothermobacter thermautotrophicus Glu-tRNAGln

amidotransferase GatDE.

The mechanism of 
Gln-tRNA formation

The strictly archaeal heterodimeric Glu-AdT GatDE
enzyme is responsible for Gln-tRNA synthesis
(Tumbula et al., 2000). Like the other heterotrimeric
GatCAB amidotransferase, the GatDE enzyme cat-
alyzes three separate reactions: (i) the enzyme
hydrolyzes ATP to form and activate the γ-carboxyl

 + ATP AMP + PPi

GluRSND

tRNA
Gln

Glutamine
   + ATP

Glutamate 
+ ADP + Pi

GatDE
GlnGlu

Glu

Fig. 18.1 Gln-tRNAGln synthesis in Archaea. The two required steps for synthesis of Gln-tRNAGln are catalyzed by
a non-discriminating GluRS (GluRSND) and GatDE.
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group of the tRNA-bound glutamate (Wilcox, 1969);
(ii) the enzyme hydrolyzes glutamine or asparagine
to generate ammonia; (iii) the enzyme uses the lib-
erated ammonia to amidate the activated Glu-
tRNAGln to form Gln-tRNAGln. As expected from the
similarity to L-asparaginase, the GatD subunit was
expected to catalyze glutamine hydrolysis; this was
recently verified (Feng et al., 2005). GatE (together
with GatB) belongs to an isolated protein family
(Tumbula et al., 2000); this subunit has kinase 
activity and activates Glu-tRNAGln by phosphoryla-
tion, resulting in ATP cleavage and generation of 
γ-phosphoryl-Glu-tRNAGln (P-Glu-tRNAGln) (Feng 
et al., 2005). GatE possesses an insertion domain
(lacking in GatB) that structurally resembles an
insertion domain found in bacterial AspRS proteins,
and this may be the reason why GatDE functions
only as a Glu-AdT (Schmitt et al., 2005). The recently
solved structure of the M. thermoautotrophicus GatDE
complexed with tRNAGln (Oshikane et al., in press)
(Plate 18.1) shows that GatE possesses a cradle
domain in which tRNA binds. The amino acids that
make up the cradle’s base are highly conserved
between GatB and GatE, suggesting their importance
in the kinase and transamidase activities of the AdTs
(Schmitt et al., 2005). Biochemical studies impli-
cated the M. thermoautotrophicus GatE as the subunit
involved in tRNA binding and formation of the acti-
vated intermediate (Feng et al., 2005). With the use
of pure enzymes the P-Glu-tRNAGln intermediate
could not be trapped; however, this was achieved
earlier using a crude Bacillus subtilis extract (Wilcox,
1969).

Similarity of sequence and structure, as well as
biochemical evidence, point to GatD being related to
L-asparaginases (Tumbula et al., 2000; Feng et al.,
2005; Schmitt et al., 2005). L-Asparaginases catalyze
the conversion of Asn or Gln to Asp or Glu while lib-
erating ammonia. Like other L-asparaginases, GatD
dimerizes (Schmitt et al., 2005). The Pyrococcus abyssi
GatD homodimer and the homologous type I 
L-asparaginase are remarkably superimposable
(Schmitt et al., 2005). The four catalytically impor-
tant residues in L-asparaginases are conserved in
GatD (T101, T177, D178, and K254 in M. ther-
moautrophicus GatD) (Tumbula et al., 2000; Feng et
al., 2005). Mutational studies in the M. thermoau-
totrophicus GatD have confirmed the importance of
these residues in the glutaminase activity of GatD
(Feng et al., 2005).

As the two subunits carry out different functions,
it is clear that the ammonia liberated by GatD
(asparaginase subunit) needs to be transported to the
active site of the GatE (amidotransferase subunit)
(Schmitt et al., 2005). In the structure (Plate 18.1) a
molecular tunnel connecting the two subunits is dis-
cernable. This structure would also explain why
exogenous ammonia is such a poor substrate for
transamidation (Feng et al., 2005). All the observa-
tions made with the GatDE amidotransferase should
be easily extended to unraveling the mechanism of
the heterotrimeric GatCAB enzyme.

Why GatDE evolved in Archaea remains a
mystery. It is known is that in archaeal proteins, Asn
and especially Gln are underrepresented relative to
their levels in proteins from mesophilic eubacteria
and eukaryotes (Michelitsch & Weissman, 2000).
The underusage of Gln in archaeal proteins may
provide a partial explanation as to why GlnRS is not
encoded in any archaeal genome. Differences
between identity elements in tRNAGln from archaeal
and eukaryotic or bacterial sources may also explain
why glnS did not transfer to Archaea (Tumbula et al.,
2000); for instance, E. coli and yeast GlnRS enzymes 
were unable to glutaminylate M. thermautotrophicus
tRNAGln. Yet when the E. coli identity elements were
transplanted into M. thermautrophicus tRNAGln the
resulting tRNA could be charged by E. coli GlnRS
(Tumbula et al., 2000). Differences in amino acid
metabolism might be another reason why GlnRS is
not found in Archaea. Much work, especially genetic
replacement experiments, remains to be done to gain
a complete understanding of the role of the unique
archaeal GatDE amidotransferase in cell metabolism
and protein synthesis.

Biosynthesis and incorporation of
cysteine into proteins

Cysteine is one of the 20 canonical amino acids
found in proteins. CysRS is a class I aaRS responsi-
ble for the formation of Cys-tRNA. While cysteine is
present in archaeal proteins to a similar extent as
found in other organisms, the M. jannaschii, M. ther-
mautotrophicus, and Methanopyrus kandleri genomes
do not encode a canonical CysRS (Bult et al., 1996;
Smith et al., 1997; Slesarev et al., 1998). This left
open the question as to how Cys-tRNACys might be
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synthesized in these organisms. The solution to this 
puzzle remained elusive for more than a decade
(Ambrogelly et al., 2004; Ruan & Söll, 2006). A com-
bination of anaerobic biochemical purification and
proteomic analysis of the chromatographic fractions
finally led to success (Sauerwald et al., 2005). Start-
ing from a cell-free M. jannaschii extract and employ-
ing a rigorous identification of aa-tRNA by acid gel
electrophoresis and Northern blot, two proteins and
two low-molecular weight factors were discovered to
be essential for Cys-tRNACys formation (Fig. 18.2a).

The first protein, an unusual aaRS homologous to
the PheRS α-subunit, selectively acylates tRNACys

with phosphoserine (Sep). The second enzyme sub-
sequently converts Sep-tRNACys to Cys-tRNACys in
the presence of PLP and a still unidentified sulfur
donor. The two novel enzymes were named phos-
phoseryl-tRNA synthetase (SepRS, encoded by sepS)
and Sep-tRNA:Cys-tRNA synthase (SepCysS),
respectively. Analysis of the phylogenetic repartition
of these enzymes revealed their presence not only in
M. jannaschii, M. kandleri, and M. thermautotrophicus
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Fig. 18.2 Parallel between the pathways for Cys-tRNACys synthesis (a) and the hypothetical route for Sec-tRNASec

formation (b) in M. jannaschii, M. kandleri, and M. thermautotrophicus. Structures of the SECIS element present in
the fruA and vhu mRNAs of M. jannaschii and M. maripaludis, respectively, for recoding of the in-frame UGA stop
codon as selenocysteine (c).
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but also in genomes of other Archaea such as M.
maripaludis, Methanococcoides burtoni, Archaeoglobus
fulgidus, and the Methanosarcinaceae, organisms which
already possess a canonical class I CysRS (Sauerwald
et al., 2005). The redundancy of the Cys-tRNACys

biosynthetic route in M. maripaludis was foreseen,
since the inactivation of the cysS gene encoding the
canonical CysRS had no effect on cell growth in 
different media (Stathopoulos et al., 2001). The 
dispensability of the canonical CysRS strongly sug-
gests that the SepRS/SepCysS pathway is fully
capable of synthesizing Cys-tRNACys in vivo. In con-
trast to the cysS deletion stain, a M. maripaludis strain
with a sepS deletion displayed cysteine auxotrophy
(Sauerwald et al., 2005). This conditional lethality
establishes that in the presence of exogenous cys-
teine, CysRS and the SepRS/SepCysS pathway are
operative and functionally equivalent. The aux-
otrophic nature of the M. maripaludis SepS knockout
strain also demonstrates that the indirect route to
Cys-tRNACys is the sole source of free cellular cysteine
in this organism (Sauerwald et al., 2005). Reliance
on a tRNA-dependent route for cysteine biosynthe-
sis is reminiscent of what has been shown for
asparagine in many Bacteria (Min et al., 2002).
Amino acid release from Cys-tRNACys may require
the presence of an enzyme selectively hydrolyzing
this aa-tRNA. This is plausible as aa-tRNA hydrolases
with different substrate specificities are known to
exist throughout the living world (reviewed in 
Ibba & Söll, 2004). Furthermore, protein turnover 
in the cell would be expected to contribute signifi-
cantly more to the cellular cysteine pool in an 
organism lacking CysRS, as this enzyme would be
required to activate free cysteine for further protein
synthesis.

Unlike for M. maripaludis, the presence of free cys-
teine in M. jannaschii is not established and a number
of facts seem to indicate that there is none. First, par-
alogs of genes involved in bacterial or eukaryal cys-
teine biosynthesis that are observed in the genomes of
other Archaea are absent in M. jannaschii, M. therm-
autotrophicus, and M. kandleri (Ambrogelly et al.,
2004). Second, is cysteine required for other cellular
functions in methanogens? In bacteria, cysteine is a
general sulfur source for a number of metabolic
processes. Formation of 2-thiouridine and 4-
thiouridine present in tRNAs relies on activation 
of the sulfur group of cysteine by a cysteine desul-
furase enzyme (IscS) and transfer of the sulfur atom to

an iron cluster protein before its use by downstream
enzymes (Lauhon, 2002). While E. coli contains three
cysteine desulfurase activities (belonging to the NIF,
ISC, and SUF pathways) to meet the different cellular
metabolic needs, no similar proteins can be identified
in the genomes of M. jannaschii, M. thermautotrophicus,
and M. kandleri (Bult et al., 1996; Smith et al., 1997;
Slesarev et al., 1998). The presence of thio-
nucleotides in M. jannaschii tRNA (McCloskey et al.,
2001) and of many iron cluster proteins (White,
2003b) may suggest that while sulfur gets activated
and transferred to metabolites, the main sulfur donor
might not be cysteine but an inorganic source instead.
Fixation of sulfur from inorganic sulfide or sulfite was
also shown to allow synthesis of other metabolites in
M. jannaschii, such as homocysteine and phosphosul-
folactate, key intermediates in methionine and coen-
zyme M biosynthesis, respectively (Graham et al.,
2002a; White, 2003b). Cysteine and cysteine deriva-
tives (e.g. glutathione) act as a powerful redox buffer.
In contrast, methanogens might not need free cellular
cysteine or glutathione to maintain a proper redox
environment. Coenzyme M, the terminal methyl
carrier in methanogenesis, was shown to be present in
high levels in the cytoplasm and could potentially
carry out this function in M. jannaschii (Balch & Wolfe,
1976; Sauerwald et al., 2005). Third, free cellular cys-
teine may even be toxic for the M. jannaschii cells. M.
jannaschii ProRS was shown in vitro to mischarge very
efficiently cysteine onto tRNAPro, hence potentially
compromising translational fidelity and subsequently
cell viability (Ambrogelly et al., 2004). While organ-
isms from the bacterial and eukaryotic domains have
dealt with the danger of a promiscuous ProRS by
acquiring an editing mechanism able to clear mis-
charged Cys-tRNAPro (An & Musier-Forsyth, 2004;
Ruan & Söll,  2006), no such mechanism can be iden-
tified in Archaea and in M. jannaschii in particular. The
absence of selective pressure to acquire a Cys-tRNAPro

editing mechanism could be explained by the absence
of formation of the mischarged tRNA species due to a
low cysteine :proline concentration ratio in the cell.
Maintaining a low cellular cysteine concentration is
then crucial. A cysteine desulfidase encoded by the
MJ1025 open reading frame was recently shown to
degrade cysteine into pyruvate, ammonia, and sulfide
(Tchong et al., 2005). This protein would then serve
the dual purpose of recycling the free cysteine
released in the cell due to natural deacylation of Cys-
tRNACys and/or protein proteolysis, and maintain
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translation accuracy. Taken together these facts
suggest that in M. jannaschii, M. thermautotrophicus,
and M. kandleri, the SepRS/SepCysS pathway is only
present for Cys-tRNACys formation, as free cysteine
may not be required.

All the other Archaea possess a presumably later-
ally transferred canonical CysRS and therefore need
a means to produce free cellular cysteine. Most of
these organisms have homologs to proteins known
to be part of the cysteine biosynthesis metabolism in
Bacteria and Eukarya (Ambrogelly et al., 2004).
However, the actual involvement of these proteins in
cysteine biosynthesis in Archaea has not yet been
experimentally established. The Methanosarcinaceae
are unique, as they were shown to have acquired
from bacteria cysE and cysK, the two genes required
for cysteine biosynthesis (Ambrogelly et al., 2004).
Since these organisms possess a SepRS/SepCysS
pathway, a CysRS, and a tRNA independent cysteine
biosynthetic route, both tRNA cysteinylation and
cysteine production are duplicated. Methanosarci-
naceae genetics might in the future help us to 
understand the physiological role of each of these
components.

The discovery of the SepRS/SepCysS pathway
gives possible keys to a better understanding of con-
temporary phylogenetic repartition of tRNA cys-
teinylation enzymes and possibly how it came to be
throughout evolution. CysRS is ubiquitous in Bacte-
ria and Eukarya and may have been transferred to
the Archaea in several instances from bacterial pro-
genitors (Woese et al., 2000; Ambrogelly et al.,
2004). Phylogenetic repartition of bacterial CysRS 
is consistent with accepted bacterial taxonomy
deduced from 16S RNA sequence. It is therefore rea-
sonable to think that CysRS is a bacterial invention
that was already present in the common bacterial
ancestor. The SepRS/SepCysS pathway may be the
ancient route to either or both Cys-tRNACys and cys-
teine that is still present in a few methanogens.
Replacement of the SepRS/SepCysS pathway by a
CysRS in most Archaea was presumably correlated
with the establishment or acquisition of tRNA-
independent cysteine biosynthesis. This process may
have been driven by the higher efficiency of direct
aminoacylation and by better regulation of gene
expression offered by separate Cys-tRNA and cys-
teine biosynthetic routes. The coexistence of 
independent routes for cysteine biosynthesis and
Cys-tRNA formation in some of the Archaea might

correspond to a transient evolutionary stage 
before the final displacement of the SepRS/SepCysS
pathway, possibly due to a later CysRS transfer.

Selenocysteine in Archaea

Selenocysteine is the twenty-first amino acid co-trans-
lationally inserted into proteins. Its biosynthesis and
specific incorporation in response to an in-frame UGA
codon has been worked out genetically and biochemi-
cally over the past 15 years in Bacteria (reviewed in
Böck et al., 2004). However, much less is known about
this process in eukaryotes and Archaea. Selenopro-
teins have been identified in organisms from all three
domains of life (Hatfield & Gladyshev, 2002; Böck et
al., 2004). While they are ubiquitous in Bacteria and
present in most Eukarya (except yeast), their known
occurrence to date in Archaea is restricted to only
three genomes (M. jannaschii, M. maripaludis, and M.
kandleri; Bult et al., 1996; Hendrickson et al., 2004; 
Slesarev et al., 1998). Sec insertion into proteins is a
multistep process as demonstrated in E. coli (Böck et
al., 2004). A specific Sec suppressor tRNA (tRNASec) is
first acylated by SerRS with serine to form Ser-tRNASec.
This misacylated tRNA species will then be converted
to Sec-tRNASec by the PLP-dependent enzyme seleno-
cysteine synthase (SelA), using as selenium donor
selephosphate, generated by selenophosphate syn-
thetase (SelD) (reviewed in Böck et al., 2004). The
incorporation of Sec-tRNASec during translation
requires a recoding of the UGA codon from chain ter-
mination to Sec. This is accomplished in E. coli by the
new elongation factor SelB specific solely for the deliv-
ery of Sec-tRNASec to the ribosome at the suppression
site. Finally, the particular UGA codon in the mRNA is
indicated to the translation machinery by a stem/loop
structure named selenocysteine insertion sequence
(SECIS).

Most steps in this process are still not understood
in Archaea and in eukaryotes. As in Bacteria, for-
mation of Ser-tRNASec by SerRS occurs in Archaea
(Fig. 18.2b) (Bilokapic et al., 2004; Kaiser et al.,
2005). However, the conversion of Ser-tRNASec to
Sec-tRNASec in Archaea might be different, as the M.
jannaschii protein MJ0158, a putative SelA ortholog,
is unable to produce Sec-tRNASec in vitro (Kaiser 
et al., 2005). Conversion of Ser-tRNASec into Sec-
tRNASec might need an additional step. Enzymatic
conversion of Ser-tRNA to Sep-tRNA has been 
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documented in eukaryotic cell extract since the
1970s (Maenpaa & Bernfield, 1970) and later the
tRNASer species was characterized as tRNASec

(reviewed in Böck et al., 2004). However, the
enzyme that actively catalyzes the conversion, phos-
phoseryl-tRNASer(Sec) kinase (PSTK) has been identi-
fied in mouse (Carlson et al., 2004). Based on this
result the M. jannaschii ortholog (MJ1538) was
shown to carry out the same reaction (Kaiser et al.,
2005) (Fig. 18.2b). The presence of PSTK in Archaea
and eukaryotes suggests that Sep-tRNASec may be an
intermediate in Sec synthesis (Carlson et al., 2004).
However, the enzyme that catalyzes the conversion
of Sep-tRNASec into Sec-tRNASec remains to be iden-
tified. The demonstration (described above) that cys-
teine biosynthesis in M. jannaschii proceeds via
Sep-tRNACys and a subsequent Sep → Cys conversion
by a PLP-dependent Sep-tRNA:Cys-tRNA synthase
suggests that the same (or a similar) enzyme may
carry out the Sep → Sec transformation, the missing
step in Sec formation (Sauerwald et al., 2005). The
striking similarity between the chemistry underlying
the conversion of Sep to either Cys or Sec leaves
open the possibility that SepCysS might be able to
catalyze both reactions in the presence of the appro-
priate sulfur or selenium donors. Cooperative
binding of Sep-tRNACys and the sulfur source on one
hand and Sep-tRNASec and the selenium donor 
on the other hand would ensure selectivity of the
reaction.

Our understanding of the UGA recoding process
in Archaea is still incomplete. In Archaea and in
Eukarya an mRNA structure similar to bacterial
SECIS is present (Fig. 18.2c), but this element is
located in the 3′ noncoding region of the mRNA
(Böck et al., 2004). The annotated SelB ortholog in
M. maripaludis is essential for selenoprotein forma-
tion as shown by the growth properties of a strain in
which SelB was inactivated (Rother et al., 2003).
However, the archaeal SelB protein does not have all
the functions of the bacterial one. Bacterial SelB has
a 272 amino acid carboxy-terminal domain that
binds the SECIS element (Böck et al., 2004). The
archaeal and eukaryotic SelB orthologs lack this
domain and are unable to bind their homologous
SECIS elements (Böck et al., 2004). Thus, other
components essential for the archaeal Sec recoding
event are still unidentified. Further research in
Archaea may be guided by the knowledge that the
SECIS Binding Protein 2 (reviewed in Böck et al.,

2004) and the ribosomal protein L30 (Chavatte et al.,
2005) were shown to be involved in eukaryotic
selenoprotein formation.

Pyrrolysine: an unexpected amino
acid discovered in Methanosarcina

In the methanogenic Archaea Methanosarcina barkeri,
M. acetivorans, M. mazei, and M. thermophila, as well as
in the psychrophilic organism Methanococcoides bur-
tonii, an in-frame UAG codon is located in the genes
encoding mono-, di-, and tri-methylamine trans-
ferases (Mtmb, MtbB, and MttB), enzymes that 
are part of a methylamine-dependent methanogenic
pathway in these organisms (Srinivasan et al., 2002;
Goodchild et al., 2004). This UAG codon is read as a
sense codon in the translation of presumably all
these genes. Purification of the native MtmB enzyme
from M. barkeri and subsequent determination of the
enzyme’s crystal structure led to the exciting finding
that the UAG codon is translated with a new amino
acid, the lysine derivative pyrrolysine (Hao et al.,
2002) (Fig. 18.3a). The M. barkeri genome encodes
an unusual suppressor tRNA (pylT) and a class II
aminoacyl-tRNA synthetase like enzyme, PylS
(Srinivasan et al., 2002), which presumably are
involved in the UAG suppression mechanism.

In contrast to Sec-tRNASec synthesis, where Sec is
made via tRNA-dependent chemical modification of
serine, Pyl-tRNAPyl is generated by direct charging of
Pyl onto tRNAPyl in the presence of pyrrolysyl-tRNA
synthetase (Fig. 18.3a), the product of the pylS gene
(Blight et al., 2004; Polycarpo et al., 2004). PylRS,
which is homologous to PheRS and LysRS, is a pro-
posed class II enzyme with its classical three degen-
erate motifs. While the carboxy-terminus of the
enzyme displays high sequence similarity to the aaRS
class II catalytic core, the amino terminal part of the
enzyme (anticipated to be an anticodon binding
domain) is not homologous to known proteins and
does not contain an RNA binding motif. All archaeal
PylRS proteins contain this amino-terminal domain;
yet the only bacterial PylRS homolog, found in Desul-
fitobacterium hafniense, is devoid of it (Srinivasan 
et al., 2002). D. hafniense also contains a pylT tRNA
(Srinivasan et al., 2002). Cloning and production 
of the recombinant M. barkeri, M. thermophila, M. 
acetivorans, and D. hafniense PylRS enzymes shows
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that all these enzymes are able to activate and trans-
fer selectively pyrrolysine onto their cognate tRNAPyl

transcripts (C. Polycarpo & A. Ambrogelly, unpub-
lished observations). Current research on Pyl-tRNAPyl

formation is limited by the scarcity of Pyl, whose
structure (Fig. 18.3a) was elucidated by a low-yield
chemical synthesis (Blight et al., 2004; Polycarpo 
et al., 2004).

tRNAPyl has an unusual secondary structure remi-
niscent of the one seen for the bovine mitochondrial
tRNASer (Hayashi et al., 1998); it folds into a clover leaf
structure but its anticodon stem is longer by one base
pair, the variable loop with only three nucleotides is
shorter, and only one nucleotide is present in the
hinge region between the acceptor stem and D-stem.
Only two modified nucleosides have been detected in
native tRNAPyl (Polycarpo et al., 2004). The unusual
secondary and likely tertiary structure of tRNAPyl

together with its low level of modifications should
ensure the flexibility needed for optimal Pyl charging
and decoding of the UAG codon.

Research on the mechanism that leads to Pyl
incorporation at a UAG codon in Mtmb, MtbB, and
MttB is still in its infancy. In the absence of data
showing that suppression occurs randomly at UAG
codons, we assume that the Pyl incorporation in 
the three methylamine methyltransferase enzymes
requires an active recoding process. It remains to be
determined whether Pyl will be inserted via PYLIS
stem/loop structures (Fig. 18.3b), found in the cor-
responding mRNAs analogous to the ones seen for
Sec incorporation (Ibba & Söll, 2004; Namy et al.,

2004; Theobald-Dietrich et al., 2005), or by other
possible mechanisms (Zhang et al., 2005).

Outlook

Studies on aaRSs in Archaea have led to an exciting
expansion of our knowledge of how the genetic code
is translated in vivo. They also further shed light on the
process of translation in Bacteria and Eukarya. Since
some of the new aaRSs may have preceded pathways
currently in use in eukaryotic cells (e.g. cysteine and
Cys-tRNACys formation), further studies with Archaea
may uncover more surprises. The exciting discovery
of novel aminoacyl-tRNA synthetases specific for
noncanonical amino acids draws additional attention
to the very inspired studies on the expansion of the
genetic code. The use of designed orthogonal aminoa-
cyl-tRNA synthetases/tRNA pairs (Furter, 1998) has
led to exciting achievements in the incorporation of
unusual amino acids into proteins (summarized in
Wang & Schultz, 2004). While such studies have
involved the use of in vitro modified archaeal LysRS
(Anderson et al., 2004) and TyrRS (Zhang et al., 2005)
as orthogonal enzymes in bacteria and mammalian
systems, it is likely that the “naturally evolved”
PylRS:tRNAPyl or SepRS:tRNACys pairs may prove far
more efficient. Additional studies on PylRS or SepRS
mediated recoding in Archaea may be beneficial for
devising more efficient systems for incorporation of
non-natural amino acids in other systems (Köhrer 
et al., 2004).
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selenocysteine. Specific aaRSs are denoted by their three-letter amino acid designation, e.g. GlnRS for glutaminyl-tRNA
synthetase. Glutamine tRNA or tRNAGln denote uncharged tRNA specific for glutamine; glutaminyl-tRNA or Gln-tRNA
denote tRNA acylated with glutamine. In a misacylated tRNA the amino acid specificity does not match the tRNA anti-
codon, e.g. Glu-tRNAGln.
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Introduction

Translation is the last step of the gene expression pathway, whereby the genetic message carried over from
the DNA in the form of a messenger RNA (mRNA) is finally converted into the final product, a polypeptide
chain. Given its fundamental importance for all cells, translation is well conserved in its basic aspects across
the three domains of life. Nevertheless, it has been known for a long time that the protein synthetic machiner-
ies of the Bacteria and the Eukarya present clear-cut differences in composition and complexity. Until recently,
conventional wisdom had it that there were two different versions of the translational apparatus: the simple,
streamlined one possessed by the Bacteria and the more complex one found in eukaryotic cells. This
dichotomy seemed to be the logical result of the different organization and lifestyles of eukaryotic and prokary-
otic cells. The “simpler” Bacteria, whose basic evolutionary strategy consisted of maximizing the velocity of
growth and multiplication, had gene expression machineries made of fewer and, often, smaller components.
The “complex” eukaryotic cells, many of which live in a highly integrated environment, had to add much
sophistication to the basic design of their gene expression apparatus.

The discovery of the third domain of life, the Archaea, has challenged in many ways the classical textbook
dichotomy between prokaryotes and eukaryotes. As far as cellular organization is concerned, all known
Archaea are unicellular prokaryotes. However, a host of phylogenetic, molecular, and genomic studies have
now shown that the Archaea are clearly separated from the other prokaryotic kingdom, the Bacteria. More-
over, the rooting of the universal tree of life has revealed that the Archaea have shared a tract of evolution-
ary path with the eukaryotes before branching out as a separate domain (Iwabe et al., 1989). This is reflected
in the presence, at the molecular level, of many intriguing similarities between the Eukarya and the Archaea,
regarding especially the structure and composition of the cellular machineries for gene expression. In recent
years, for instance, an elegant series of experimental studies have shown that the archaeal transcriptional
apparatus can be regarded as a “basic” or simplified version of the eukaryal one. The structure of the archaeal
translational apparatus also exhibits an unexpected complexity, including several components, especially
translational factors, that are found in Eukarya but have no counterparts in Bacteria (Bell & Jackson, 1998).
Therefore, the study of the translational machinery in Archaea is not only interesting in its own right, but
promises to yield new and exciting insights into the evolutionary history of the protein-synthetic mechanism.
This chapter presents a survey of the most recent advances in the understanding of archaeal translation, focus-
ing especially on the data that highlight the novel and Eukarya-like features of the archaeal translational
apparatus.
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Archaeal ribosomes

It has been known for a long time that archaeal ribo-
somes are composed of subunits that sediment at 30S
and 50S and contain 16S, 23S, and 5S rRNAs, thus
resembling their bacterial counterparts. However,
the existence of certain similarities between archaeal
and eukaryal ribosomes was suggested over two
decades ago. Compositional analyses of the ribo-
somes of various archaeal species revealed that
several of them were protein-richer than the bacte-
rial particles, especially as far as the small subunit
was concerned. Moreover, the ribosomes of certain
sulfur-dependent thermophiles were shown to have
morphological characteristics reminiscent of the
eukaryal particle (Amils et al., 1993, and references
therein).

Nowadays, the composition of archaeal ribosomes
can be analyzed extensively taking advantage of the
over 20 complete genomic sequences representative
of archaeal diversity. Genomic studies have essen-
tially confirmed the early surmise that archaeal ribo-
somes, although being closer in size to bacterial ones,
have specific affinities with their eukaryal counter-
parts. A survey of the composition of archaeal ribo-
somes is presented in Table 19.1.

Archaeal ribosomal RNAs generally resemble bac-
terial ones in both size and structure. Most small
subunit (SSU) rRNAs are 1400–1500 nucleotides in
size; the smallest one, with 1344 nucleotides, is
found in the parasitic species Nanoarchaeum 
equitans (Table 19.1). The large subunit (LSU) rRNAs
have sizes comprising between 2850 and 3100
nucleotides, while 5S rRNAs have 119–132
nucleotides. Interestingly, the genome of the crenar-
cheon Aeropyrum pernix is unique in containing a 167
nucleotide long homolog of 5.8S rRNA, an rRNA 
specific to eukaryal LSU. However, there are no
experimental observations available to confirm the
presence of a separate 5.8S rRNA in A. pernix large
ribosomal subunits. Both LSU and SSU archaeal
rRNAs may contain introns (Lykke-Andersen et al.,
1997).

Unlike the majority of Bacteria, most Archaea 
are endowed with single copies of the rRNA-
coding genes. Exceptions are found among the
methanogens and halophiles, which may have up to
three copies of 16S and 23S RNA genes and up to
four copies of 5S RNA genes (Table 19.1). The 16S
and 23S rRNA genes are adjacent and co-transcribed

in most Archaea; the exceptions are the Thermo-
plasmales and N. equitans, where these genes are
located far apart in the genome and are transcribed
independently. Also, the Archaea are unlike the 
Bacteria (and like the Eukarya) in having 5S RNA
genes normally unlinked from the genes encoding
the 16S and 23S rRNAs. Only the halophiles and
some methanogens have Bacteria-like rRNA
operons, including the 5S RNA genes and often also
tRNA genes inserted as spacers between the rRNA
genes. However, extra copies of the 5S RNA genes
may be found unlinked from the rRNA operons in
several species (e.g. Methanococcus maripaludis).

Where the similarity of archaeal ribosomes to the
eukaryal ones becomes most apparent is in their
complement of proteins. Archaeal genomes include
a total of 68 r-protein families, 28 belonging to the
SSU and 40 to the LSU (Lecompte et al., 2002).
Thirty-four of these (15 in the SSU and 19 in the
LSU) are universal proteins, having identifiable
homologs in the ribosomes of all three domains of
life. Another 33 (13 SSU and 20 LSU) are specifically
shared by archaeal and eukaryal ribosomes and are
not found in Bacteria, while no r-proteins are shared
by the Bacteria and the Archaea to the exclusion of
Eukarya. Only one r-protein (LXa in the LSU) is
unique to the Archaea (Lecompte et al., 2002). These
data show that, as far as their protein composition is
concerned, archaeal ribosomes can be envisaged as a
somewhat smaller version of the eukaryotic particles,
which contain 78 r-protein families, including all of
the 68 found in Archaea plus another ten Eukarya-
specific ones. By contrast, bacterial ribosomes have
altogether 57 r-protein families, 23 of which are
exclusive of the Bacteria (Lecompte et al., 2002).

Interestingly, the protein composition of archaeal
ribosomes is not constant over the domain, but pres-
ents a certain heterogeneity that correlates with the
branching order of the various species (Lecompte 
et al., 2002). Thus, the deep-branching Crenarcheota
tend to have protein-richer ribosomes than the Eur-
yarchaeota (Table 19.1). The protein-richest ribo-
some is that of the crenarcheon A. pernix, which is
endowed with the full complement of 68 r-proteins.
On the other hand, the ribosomes of the late-branch-
ing halobacteria and Thermoplasmales have only 58
proteins, thus coming closer to the bacterial size. This
evolutionary trend toward a “lighter” ribosome is not
observed in the Bacteria or the Eukarya, where the
protein composition of ribosomes remains essentially
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constant, excepting only some parasitic species
where a few proteins may be missing (Lecompte 
et al., 2002). The functional significance of ribosomal
protein loss in late-branching Archaea is unclear at
present. However, it should be observed that none of
the dispensable proteins belongs to the set of uni-
versally conserved ones, which are probably essen-
tial for an efficient ribosomal function in all cells.

The organization of ribosomal protein (r-protein)
genes in archaeal genomes presents very interesting
aspects. In Bacteria, about half of the r-protein genes
are clustered in the two large spectinomycin (spc)
and S10 operons, whose structure is largely con-
served in most species. Likewise, in the Archaea over
one-third of the r-protein genes are included in a few
large clusters closely resembling the bacterial spc and
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Table 19.1 Ribosome composition in Archaea.

23S 16S 5S SSU prot. LSU prot.

Crenarcheota
A. pernix* 4413† 1423 19/132 28 39
P. aerophylum 3024 2210‡ 130 28 38
S. solfataricus 3049 1496 121 28 37
S. tokodaii 3012 1445 125 28 37

Euryarchaeota
Thermococcales

P. furiosus 3048 1446 121/125 25 37
P. horikoshii 3857 1494 121 (2) 25 37
P. abyssi 3017 1502 121 (2) 25 37
T. kodakaraensis 3028 1497 125 (2) 25 37

Methanopyrales
M. kandleri 3097 1511 132 25 37

Methanobacteriales
M. thermoautotrophicus 3028/3034 1478 (2) 126/128 25 36

Methanococcales
M. jannaschii 2889/2948 1474/1477 119 (2) 25 36
M. maripaludis 2956 (3) 1391 (3) 114 (4) 25 36

Methanosarcinales
M. mazei 2892 (3) 1473 (3) 134 (2) 25 34

132 (1)
M.acetivorans 2831 1429 (3) 134 (2) 25 34

2848 132 (1)
2948

Archeoglobales
A. fulgidus 2931 1491 123 25 34

Halobacteriales
H. marismortui 2923 (3) 1471 (3) 121 (3) 25 32
Halobacterium sp. NRC-1 2905 1472 122 25 32

Thermoplasmata
T. acidophilum 3044 1470 122 25 32
T. volcanium 2906 1469 122 25 32

Nanoarcheota
N. equitans 2861 1344 122

The figures indicate the number of nucleotides in each rRNA gene. The number of genes, if more than one, is
indicated in parentheses, except when the genes are of different length, in which case their size is shown in full.

*Has a 5.8S of 167nt; †gene containing two introns; ‡gene containing one intron.
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S10 operons in the type and order of genes. Most of
the proteins belonging in these clusters are univer-
sal ones, suggesting that this genetic organization
was already present in the last universal common
ancestor (LUCA) of extant cells and predated the
radiation of the three primary domains. The alterna-
tive hypothesis is that similar gene clustering is 
due to convergent evolution, namely positive selec-
tion because of some functional advantage inde-
pendently operating in both prokaryotic domains.
However, any such advantage is not immediately
apparent, at least in present-day organisms, since the
clusters can be broken, and frequently are, in both
Bacteria and Archaea. Moreover, no information is
available about the transcription patterns of the
archaeal spc- and S10-like clusters, making it diffi-
cult to tell to what extent they are organized into
functional operons that may resemble the bacterial
ones.

However, other clusters of ribosomal protein
genes are known to be organized and also regulated
in a way similar to that observed in Bacteria. A well
studied case is the Methanococcus vannielii L1 riboso-
mal protein operon, encoding the r-proteins L1, L10,
and L12, which is transcribed as a single polycistronic
mRNA (Kraft et al., 1999). This operon is subjected
to autogenous translational regulation, namely its
translation can be repressed by the protein encoded
by the first cistron (L1). The regulatory protein L1 is
a 23S rRNA-binding protein that under normal con-
ditions interacts preferentially with its binding site 
on the ribosomal RNA. However, when in excess
because of blocked or reduced ribosome synthesis, L1
also binds to a specific regulatory target site of its
mRNA, thereby inhibiting translation of all three
cistrons in the operon. The regulatory mRNA site, a
structural mimic of the rRNA binding site for L1, is
located within the L1 gene about 30 nucleotides
downstream of the ATG initiation codon (Kraft et al.,
1999). A similar regulatory mechanism also exists in
Methanococcus thermolitotrophicus and Methanocaldococ-
cus jannaschii; however, its presence in other Archaea
is more doubtful.

The three-dimensional architecture of archaeal
ribosomes has also been explored in some detail.
Early electron microscopy observations showed that
the ribosomes of sulfur-dependent thermophiles dis-
played morphological characteristics similar to those
of the eukaryotic particles (Lake, 1985). This was
especially true for the small ribosomal subunits,

which possessed a “bill” on the head and “lobes” on
the body similar to those observed in their eukaryal,
but not bacterial, counterparts. These features were,
however, absent in the ribosomes of halophiles and
some methanogens, a fact that correlates well with
the larger protein content of the ribosomes of sulfur-
dependent themophiles (Table 19.1).

More recently, the three-dimensional structure of
the large ribosomal subunit of the halophilic
archaeon Haloarcula marismortui has been solved at
high resolution by crystallographic analysis (Ban 
et al., 2000). Due to the lack of comparative data,
however, it is difficult to discriminate between fea-
tures that may be specific to archaeal (or halophilic)
ribosomes and features that are common to all large
ribosomal subunits. As an example, the exception-
ally compact and “monolithic” quaternary packing
observed in H. marismortui 50S particles (Ban et al.,
2000) might be due, at least in part, to adaptation to
a hypersaline cellular environment. Moreover, H.
marismortui ribosomes have an RNA and protein
content comparable to that of the bacterial ribo-
somes, making it difficult to detect archaeal-specific
features as the position of the extra proteins in the
three-dimensional structure. For instance, the one
archaeal-specific protein (LXa) is missing from 
the genome of H. marismortui and other halophiles.
Nevertheless, some specific observations can be
made, such as that concerning the protein L7ae,
shared by the Eukarya and the Archaea but not
present in Bacteria. L7ae was initially identified as a
ribosomal protein; however, it was later found to
behave also as a component of the machinery for
rRNA post-transcriptional modification. In fact, L7ae
has homology with the eukaryal protein snu13p,
which is the RNA-binding element of the snoRNPs
involved in post-transcriptional modification of the
rRNA transcripts (Kuhn et al., 2002). L7ae is clearly
seen in the three-dimensional structure of H. maris-
mortui 50S subunit, showing that it is a bona fide
ribosomal protein; however, in agreement with its
multifunctional character, it is located at the periph-
ery of the subunit and is one of the few r-proteins
that make contact with only one rRNA domain. Its
function in the ribosome is uncertain (Ban et al.,
2000). It is to be expected that the unraveling of
more structures of whole ribosomal subunits 
will allow us in the future to learn more about any
architectural features that may be unique to archaeal
ribosomes.
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Archaeal mRNAs

The structure and organization of mRNAs is another
aspect of translation that presents clear-cut differ-
ences in Bacteria and Eukarya. Bacterial mRNAs are
mostly polycistronic, always uncapped and devoid of
long poly(A) tails. In addition, bacterial mRNAs are
endowed with cis-acting sequences, the Shine–
Dalgarno (SD) motifs that enhance the efficiency of
ribosome binding to the translation initiation regions
of the various cistrons in a polycistronic message. In
contrast, eukaryal mRNAs are monocistronic, have
5′ cap structures and long poly(A) tails, and lack 
SD-motifs for mRNA/ribosome recognition. As the
Archaea are prokaryotes with compact genomes,
they were expected to have mRNAs similar in organ-
ization to the bacterial ones. In fact, the first studies
of archaeal transcripts had uncovered the presence
of polycistronic mRNAs endowed with SD sequences
and coordinately translated into several polypeptides
(Shimmin et al., 1989). However, recent in silico
genome-wide studies analyzing the position of tran-
scription start signals, initiation codons, and poten-
tial ribosome-binding motifs such as SD sequences
have revealed interesting unique aspects of mRNA
structure in Archaea.

Several years ago, genomic analyses of the ther-
mophilic Archaea Sulfolobus solfataricus and Pyrobacu-
lum aerophilum revealed that in these species a large
proportion of mRNAs were predicted to be leader-
less, i.e. to lack entirely, or almost so, a 5′ untrans-
lated region ahead of the translation start codons
(Sensen et al., 1996; Slupska et al., 2001). This con-
stituted an unexpected unique feature of archaeal
mRNAs, as leaderless messengers are rarely encoun-
tered in both the Bacteria and the Eukarya.

More recent surveys including a larger number of
species have extended and refined those initial
observations. It has been found that the archaeal
genomes so far sequenced form two distinct groups
as far as the structure of transcripts is concerned
(Torarinsson et al., 2005). Group A genomes, includ-
ing several (but not all) Crenarcheota, Euryarchaeota
such as the Thermoplasmales, halobacteria and N.
equitans, putatively produce a high proportion (about
50% on average) of leaderless transcripts. In some of
these genomes the genes located internally in (pre-
sumably) polycistronic transcripts are preceded by
clearly identifiable SD motifs. However, in other
group A genomes, such as those of N. equitans and 

P. aerophilum, the internal cistrons do not appear to
possess evident SD-like sequences.

Group B genomes, on the other hand, produce
few leaderless transcripts and, accordingly, usually
possess SD motifs ahead of the initiation codons of
both the first and the internal genes in operons (or
of genes in monocistronic transcripts). Group B
genomes include a diverse array of species, mostly
methanogens but also Crenarcheota as A. pernix and
Hyperthermus butylicus and the Pyrococcales.

The presence of different types of mRNA organi-
zation in Archaea – “leaderless” messages as well as
messages of more conventional bacterial type – has
prompted several speculations about their respective
evolutionary status. Some investigators have pro-
posed that leaderless mRNAs are an evolutionary
relic, i.e. represent the ancestral kind of mRNA, pos-
sibly the one prevalent at the LUCA stage. The most
compelling evidence in favor of this hypothesis is
that leaderless mRNAs are universally translatable
(at least in vitro) by archaeal, bacterial, and eukary-
otic ribosomes (Grill et al., 2000). Since “normal”
eukaryotic mRNAs are poorly, if at all, translated in
bacterial systems (and vice versa) this is a remark-
able fact that argues for a common conserved 
mechanism for leaderless translation, predating the
branching of the primary domains. Another recent
observation supporting the ancestral nature of lead-
erless mRNAs is that in the protozoan Giardia 
lamblia most mRNAs are leaderless (Li & Wang,
2004). However, the “primitive” status of G. lamblia
is uncertain: the species occupies a deep branch of
the eukaryal evolutionary tree, but this may be an
artefact of evolutionary analysis, due to an abnor-
mally fast mutation rate, a frequent occurrence in
parasitic organisms like G. lamblia.

Further evidence in favor of the ancestral nature
of leaderless mRNAs is that their translation, at least
in Bacteria, seems to have no stringent requirement
for initiation factors, especially if carried out by pre-
formed 70S ribosomes (Udagawa et al., 2004). Since
only a very restricted set of IFs is common to all three
primary domains (see below), translational initiation
in the absence or semi-absence of accessory factors
can be envisaged as a primitive condition.

However, there are also data arguing against the
“primitivity” of leaderless mRNAs. First, there is the
study mentioned above showing that most leader-
less-mRNA-rich group A genomes are found in late-
branching archaeal species, while early-branching
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species tend to have a prevalence of leadered mRNAs
with SD motifs (Torarinsson et al., 2005). The latter
would therefore represent the likely “ancestral”
mRNA structure. If so, the prevalence of leader-
less mRNAs in later-evolved, and especially in
extremely thermophilic, archaeal species may have a
physiological reason that currently escapes our
understanding.

Second, there is reason to think that the poly-
cistronic arrangement of genes and the SD motifs
predate the branching of the primary domains from
the common root of the tree of life (Londei, 2005). In
fact, as observed previously for the case of certain
ribosomal protein genes, groups of genes clustered
(and sometimes transcribed) in the same or a similar
order are frequently observed in Bacteria and
Archaea. It is very unlikely, albeit not impossible, that
this situation is the result of convergent evolution.
Interestingly, short-branch Archaea in which most
cistrons are endowed with SD motifs, such as A. pernix
and H. butylicus, use AUG, GUG, and UUG as initia-
tion codons in roughly the same proportion, while in
most other species AUG is by far the prevalent initia-
tion signal (Torarinsson et al., 2005). This suggests
that a “primitive” function of the SD motifs may have
been that of ensuring a correct ribosome positioning
on the translation initiation region independently of
the presence of an optimal initiation codon.

A better understanding of the evolutionary status
of leaderless mRNAs may be reached when the
mechanism for their translation will be unraveled.
This mechanism is likely to be quite distinct from that
operating on the leadered mRNAs (Tolstrup et al.,
2000). As illustrated in the next section, the notion
that the Archaea normally employ two different
mechanisms for translating leaderless and leadered
mRNAs has recently received some experimental
confirmation. These studies are uncovering a very
interesting aspect of archaeal translation that may
have profound implications for the understanding of
the evolution of the mechanism for mRNA/ribosome
recognition.

Translational mechanism in Archaea

Initiation

mRNA–ribosome interaction Initiation is the step of
translation that has incurred the greatest evolution-

ary divergence. Eukaryotic ribosomes normally iden-
tify the translational start site by a “scanning” mech-
anism, whereby the 40S subunits, aided by many
protein factors and carrying pre-bound met-tRNAi,
slide along the message until the initiation codon is
found and codon–anticodon interaction takes place.
In contrast, bacterial 30S ribosomes can bind directly
to the translation initiation regions of individual
cistrons by the pairing between the SD sequence on
the mRNA and the anti-SD sequence on the SSU
rRNA. Only three initiation factors (compared to
over a dozen in eukaryotes) participate in bacterial
initiation.

The Archaea, as prokaryotes endowed with poly-
cistronic mRNAs, were expected to have a transla-
tion initiation mechanism of bacterial type. However,
as explained above, the discovery of the abundance
of leaderless mRNAs in the third domain of life has
suggested the existence of two different mechanisms
for archaeal translational initiation.

The first experimental data supporting the notion
of two distinct modes of mRNA/ribosome recogni-
tion in Archaea were obtained from in vitro studies
of translation in the crenarcheon Sulfolobus solfatari-
cus. The functional relevance of the SD motifs for 
the decoding of S. solfataricus leadered mRNAs was
demonstrated by the fact that the disruption of such
motifs by site-directed mutagenesis completely
inhibited the translation of the following cistrons
(Condo et al., 1999). Moreover, it was shown that in
a polycistronic mRNA each ORF can be translated
independently of the others if preceded at the correct
distance by an SD motif.

However, the most interesting fact revealed by the
work in S. solfataricus was that the in vitro translation
of the mRNAs whose SD motifs had been disrupted
could be rescued by deleting entirely the 5′ untrans-
lated region, thereby rendering the mRNA leaderless
(Condo et al., 1999). These results strongly support
the notion that a second specific mechanism exists
for initiating translation on leaderless messages,
operating independently of the SD-motif-based one.

The mechanistic details of ribosome interaction
with leadered and leaderless mRNAs are as yet
poorly understood. Recent in vitro studies carried out
with purified translational components of S. solfatar-
icus (Benelli et al., 2003) revealed that the 30S ribo-
somal subunits can interact directly and strongly
with leadered mRNAs possessing SD motifs even in
the absence of any other translational component,
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including initiator tRNA. The leaderless mRNAs, by
contrast, were unable to form binary complexes with
30S subunits unless met-tRNAi was added to the
samples (Benelli et al., 2003). These results suggest
that ribosomal recognition of an initiation codon at
the 5′ end of a leaderless mRNA requires codon–
anticodon pairing, as previously observed for leader-
less mRNA translation in E. coli (Grill et al., 2000). It
should be pointed out that eukaryotic 40S ribosomes
also need to carry met-tRNAi in order to recognize
the initiation codon at the end of the scanning
process.

The reason why the Archaea should keep two dis-
tinct mechanisms for mRNA/ribosome recognition is
unclear at present, also because there are not enough
data on the molecular details of either of them. An
especially important task for future research will be
to determine the function of the protein factors
involved in archaeal translational initiation.

Translation initiation factors Translation initiation
factors (IFs) are very interesting from an evolution-
ary point of view, since they differ to a large extent
in the Bacteria and the Eukarya. Only three IFs exist
in Bacteria. The principal one, called IF2, is an RNA-
binding G-protein of about 90kDa that performs the
essential task of promoting the correct binding of the
initiator tRNA (f-met-tRNA) to the ribosomal P site.
The other two factors, IF1 and IF3, assist initiation
by hindering premature subunit association (both)
and by discouraging recognition of non-optimal ini-
tiation codons (IF3) (Gualerzi & Pon, 1990).

The Eukarya, in contrast, have an elaborate set of
IFs. The cap-binding factor (termed eIF4F), absent in
Bacteria, recognizes the 5′ cap structure and unwinds
secondary structures in the mRNA, thus allowing
ribosome binding. The preinitiation complex “scan-
ning” the mRNA in quest of the initiator AUG codon
is composed of the 40S subunits, met-tRNAi, and 
the proteins eIF1, eIF1A, and eIF3 (Pestova & 
Kolupaeva, 2002). eIF1 and eIF1A are both required
for the correct identification of the start codon, while
eIF3, among other things, connects the ribosome
with the cap-binding factor eIF4F. Met-tRNAi
binding to the 40S subunits is promoted by the G-
protein eIF2, a hetero-trimeric complex not homol-
ogous to the bacterial factor IF2 (Kyrpides & Woese,
1998a). Adaptation of met-tRNAi in the P site is
accompanied by the hydrolysis of the eIF2-bound
GTP, whereupon the factor dissociates from the 
ribosome. However, eIF2 has no spontaneous GTPase

activity and needs a GTPase activator factor, called
eIF5, to trigger GTP hydrolysis. Moreover, the 
reactivation of eIF2-GDP obligatorily requires a
GTP/GDP exchange factor, the pentameric protein
eIF5B (Kimball, 1999). After the establishment of 
the codon–anticodon interaction, the factor eIF5B,
also a G-protein and a homolog of bacterial IF2, 
stimulates subunit joining and thereby the formation
of the monomeric ribosome 80S (Pestova et al.,
2000).

The elaborate mechanism for translation initiation
in eukaryotes is usually explained by invoking the
greater complexity of eukaryotic over prokaryotic
cells. Therefore, it was very surprising to discover
that archaeal genomes contain genes encoding
homologs of most eukaryotic factors, only excepting
those involved in cap recognition (Bell & Jackson,
1998).

A summary of the putative translation IFs identi-
fied in Archaea on the basis of sequence homologies
with known proteins in the other primary domains
is shown in Table 19.2. Of the six proteins listed in
the table, four are universal, i.e. have homologs in
all domains of life, while another two are shared by
the Archaea and the Eukarya to the exclusion of 
the Bacteria. Remarkably, no factor is shared by 
the Archaea and the Bacteria to the exclusion of
Eukarya, once more stressing the evolutionary close-
ness of the gene expression machineries in the
Archaea and the Eukarya. No archaeal-specific IF has
been found so far, but it is possible that some will be
identified following a more accurate biochemical and
genetic analyses of archaeal initiation.

At present, very little is known about the function
of the putative initiation factors in Archaea. The one
archaeal factor to which a definite function can be
assigned on the score of experimental data is the
trimeric protein homologous to the eukaryal factor
eIF2, here termed a/eIF2.

eIF2 has a central importance in eukaryal transla-
tion, as it interacts specifically with the initiator
tRNA (met-tRNAi) and carries it to the 40S riboso-
mal subunits (Kimball, 1999). In Bacteria, the same
essential function is carried out by the monomeric
protein also called IF2, which, however, has no
homology with any of the eIF2 subunits (Kyrpides &
Woese, 1998a). The Eukarya do have a homolog 
of bacterial IF2 (termed eIF5B), which, however,
does not interact with met-tRNAi but promotes 
the joining of the large ribosomal subunit to the
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preinitiation complex (Pestova et al., 2000). The
divergence of the tRNAi binding factors in Bacteria
and Eukarya has been customarily attributed to the
greater sophistication of translational regulation in
Eukarya. In fact, eIF2 is central player in the regula-
tion of eukaryal protein synthesis; the phosphoryla-
tion of its α-subunit, triggered by various stress
signals, inhibits GTP/GDP exchange, thereby block-
ing the recycling of the factor and shutting off trans-
lation (Colthurst et al., 1987). However, the fact that
the Archaea resemble the eukaryotes in having both
eIF2-like and IF2-like factors shows that cellular
complexity probably has nothing to do with the
usage of these translation initiation factors.

Like eIF2, a/eIF2 is composed of three subunits
that associate to form a hetero-trimeric complex
(Yatime et al., 2004, 2005; Pedulla et al., 2005). The
γ-subunit (about 45kDa) and the α-subunit (about
30kDa) have sizes comparable to those of their
eukaryal homologs, while the archaeal β polypeptide
(about 15kDa) is much smaller than the eukaryal
one, which is about 50kDa in size and often the
largest component of the trimeric complex. In fact,
archaeal IF2-β is reduced to a conserved domain 
containing a zinc-finger motif while lacking the
eukaryal-specific domains responsible for the inter-
action with the guanine nucleotide exchange factor
eIF2B and with the GTPase activator eIF5. This
agrees with the observation that all Archaea lack a

homolog of eIF5 as well as a complete eIF2B.
Archaeal genomes do include homologs of the α, β,
and δ subunits of eIF2B, but lack counterparts of the
γ and ε subunits that catalyze guanine nucleotide
exchange on eIF2. Therefore, it is probable that the
archaeal homologs of the eIF2B α, β, and δ proteins
have a function unrelated to guanine nucleotide
exchange (Kyrpides & Woese, 1998a).

Crystal or NMR structures are available for all
three separate subunits of a/eIF2. As shown in 
Plate 19.1, the γ-subunit has a striking resemblance to
the elongation factor 1A (formerly EF-Tu in Bacteria)
(Schmitt et al., 2002; Roll-Mecak et al., 2004), in
agreement with the fact that it contains the guanine-
nucleotide binding domain and is principally
involved in the interaction with met-tRNAi. a/eIF2-γ
also contains a zinc-finger motif of uncertain function
(Plate 19.1). The structures of the archaeal and
eukaryal α-subunits are compared in Plate 19.2. Both
proteins have a similar folding including three
domains. The N-terminal domain (domain 1) has a β-
barrel structure frequently observed in many RNA-
binding proteins. The C-terminal domain (domain 3)
contains an αββαβ module that is found in a large
number of proteins and has been proposed to be an
ancestral RNA binding motif (Yatime et al., 2005). An
interesting feature of a/eIF2-α is the exposed loop in
domain 1 (Plate 19.2), which is conserved in struc-
ture and contains the serine residue phosphorylated
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Table 19.2 Translation initiation factors in Archaea.

Factor name E homolog B homolog Structure Function in A Function in other domains

aIF1A eIF1A IF1 Li & Hoffman, 2001 not determined B: stimulates IF2
E: assists scanning

aIF2 eIF5B IF2 Roll-Mecak et al., 2000 not determined B: binds fmet-tRNA
E: subunit joining

aSUI1 eIF1/SUI1 YCiH (some Cort et al., 1999 not determined B: unknown
phyla) E: fidelity factor

a/eIF2 (αβγ) eIF2 (αβγ) γ, Roll-Mecak et al., 2004 binds met- binds met-tRNAi
β, Cho & Hoffman, 2002 tRNAi
α, Yatime et al., 2005

aIF6 eIF6 Groft et al., 2000 not determined inhibits subunit
association

aIF5A eIF5A EFP Kim et al., 1998 not determined B: formation 1st peptide
bond

E: undetermined

A, Archaea; B, Bacteria; E, Eukarya.
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in the eukaryal factor. The archaeal α-polypeptides
also contain a Ser residue in the same loop, although
it occupies a slightly different position with respect to
its eukaryal counterpart.

The function of a/eIF2 from Pyrococcus abyssi
(Yatime et al., 2004) and S. solfataricus (Pedulla et al.,
2005) has been explored by in vitro biochemical
assays using the factor reconstituted from the 
cloned recombinant subunits. These studies have
revealed that a/eIF2, like its eukaryal counter-
part, binds specifically met-tRNAi and carries it to 
the ribosomes. However, a number of features dif-
ferentiate functionally the archaeal and the 
eukaryal proteins. One regards the nature of the
tRNA binding site: an αγ dimer of a/eIF2 is necessary
and sufficient to achieve a stable interaction with
met-tRNAi, while in the case of eIF2 met-tRNAi
binding seems to involve principally the γ and β sub-
units (Das et al., 1982). The α-polypeptide of the
eukaryal factor appears to have mainly a regulatory
function.

Another very relevant difference is that a/eIF2 has
a similar affinity for GDP and GTP and therefore does
not require a guanine nucleotide exchange factor to
be reactivated (Pedulla et al., 2005). This finding is
consistent with the lack of a complete homolog of
eIF2B in archaeal genomes (Kyrpides & Woese,
1998a). According to this observation, a/eIF2 should
not be subjected to a eukaryal-type functional regu-
lation based on the inhibition of guanine nucleotide
exchange upon phosphorylation of the α-subunit.
However, it has been reported recently that the 
α-subunit of Pyrococcus horikoshii a/eIF2 is phospho-
rylated by a specific protein kinase (Tahara et al.,
2004). The function of this modification is unknown,
but it cannot be related to the regulation of GTP/
GDP exchange. Perhaps it controls the function of 
the factor by regulating the formation of the trimer
or its interaction with the ribosome. The solution 
of the problem may help us to understand why 
the archaeal/eukaryal branch, unlike the bacterial
one, originally evolved a trimeric tRNAi binding
factor.

Finally, unlike its eukaryal counterpart, a/eIF2
probably does not require a companion GTPase acti-
vator factor. GTP hydrolysis on eukaryal eIF2 is 
triggered by the helper factor eIF5, which has no rec-
ognizable homolog in Archaea. It is therefore likely
that a/eIF2 has an intrinsic, ribosome-triggered
GTPase activity, although this has not yet been

demonstrated experimentally. Alternatively, a/eIF2
may be helped by a new and still unidentified GTPase
activator.

The function of all of the other putative archaeal
IFs remains undetermined, although crystal or NMR
structures are available for most of them. A particu-
larly interesting protein is aIF2, homologous to bac-
terial IF2 and eukaryal eIF5B and therefore one the
few universally conserved IFs (Kyrpides & Woese,
1998b). Despite its conservation in all primary
domains, this factor seems to have diverged in func-
tion, since in Bacteria it binds f-met-tRNAi and
carries it to the ribosome, while in Eukarya it appears
to promote the joining of the ribosomal subunits in
a late stage of initiation (Pestova et al., 2000).

To date, there are few published experimental
data about the function of the archaeal IF2-like
factor. The only study performed in vivo has shown
that M. jannaschii aIF2 can partially rescue yeast
mutants lacking eIF5B (Lee et al., 1999), thus
demonstrating that aIF2 is to some extent function-
ally homologous to eIF5B. On the other hand, pre-
liminary data have been obtained in vitro suggesting
that S. solfataricus aIF2 promotes the binding of met-
tRNAi to the ribosome (Londei, 2005). Thus, aIF2
would seem to have properties somewhat interme-
diate between those of the bacterial and the eukaryal
protein, but more data are needed to understand its
function.

Structurally, archaeal IF2 proteins are smaller
than their eukaryal and bacterial homologs, since
they lack the long and poorly conserved N-terminal
tracts of uncertain function present in both IF2 and
eIF5B. Crystallographic studies on the Methanother-
mobacter thermoautotrophicus aIF2 (Roll-Mecak et al.,
2000) have revealed that it is characteristically
shaped as a chalice (Plate 19.3). The globular “cup”
of the chalice (N-terminal region) includes the
guanine-nucleotide-binding domain and a β-barrel
domain probably involved in the interaction with the
ribosomes. The “stem” of the chalice is a long α-
helix, while the globular “base” (domain IV) corre-
sponds to the C-terminal domain known to bind
f-met-tRNA in bacterial IF2 (Guenneugues et al.,
2000). The aIF2 (and eIF5B) domain IV has,
however, lost the capacity for tRNA binding because
of some critical amino acid substitutions in the rele-
vant region.

Despite the evident divergence in their tRNA-
binding capacity, the universal conservation of the
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IF2-like proteins suggests that they still have some
common function in all cells. This function may
consist of promoting the interaction of the ribosomal
subunits, but this has yet to be proven for the
archaeal protein. An interesting common feature of
all IF2-like factors is their ability to interact with
another universal initiation factor, the protein
termed eIF1A/aIF1A in Eukarya and Archaea and
IF1 in Bacteria. Experimental evidence for a direct
interaction of the eukaryal proteins eIF5B and eIF1A
has been obtained (Marintchev et al., 2003). In con-
trast, bacterial IF2 and IF1 do not form a complex in
solution, but may interact on the surface of the ribo-
some, as suggested by earlier cross-linking data
(Boileau et al., 1983) and by a more recent cryo-
electron microscopy study (Allen et al., 2005).
Experimental data on archaeal IF1A indicate that it
resembles its eukaryal counterpart in being able to
interact stably with aIF2 in solution (Londei, 2005).
The complex between the universal factors IF1/IF1A
and IF2/IF5B is likely to be an ancestral feature of
translation initiation, whose significance will be fully
understood once more data are available on the
archaeal proteins.

The small protein termed aSUI (or aIF1) has
homologous counterparts in all Eukarya (where it is
known as SUI1 in yeast and as eIF1 in vertebrates)
and in a limited number of bacterial species, includ-
ing E. coli, where it is called YciH (Cort et al., 1999).
A phylogenetic analysis has shown that SUI1 is very
likely an ancestral factor that has been lost second-
arily by most bacteria, possibly because its function
has been replaced by another protein (Londei, 2005).
In Archaea, aSUI1 interacts with the 30S subunits
but its precise function in translation initiation has
yet to be determined. In Eukarya, SUI1/eIF1 is an
essential protein that controls the fidelity of initia-
tion codon recognition and probably also of elonga-
tion (Cui et al., 1998).

A very interesting factor shared specifically by 
the Archaea and the Eukarya is the 25kDa protein
called aIF6 (eIF6). The function of this factor in the
Eukarya has been studied in some detail, but remains
somewhat enigmatic. In yeast, eIF6 is an essential
protein that is found both in the nucleolus and in the
cytoplasm, where it associates with the 60S riboso-
mal subunits (Basu et al., 2003). The main pheno-
type observed in conditional mutants lacking the
factor is a defect in the synthesis of 60S ribosomes,
specifically a block in the processing of the rRNA 26S

precursor (Basu et al., 2001). However, the cyto-
plasmic, 60S-bound eIF6 behaves as a ribosome anti-
associating factor, preventing the formation of 80S
particles and thereby inhibiting protein synthesis.
According to a recent report, the dissociation of eIF6
from mammalian ribosomes requires the phospho-
rylation of the factor, which takes place when certain
environmental cues activate a specific kinase (Ceci 
et al., 2003). Thus, eIF6 would resemble eIF2 in
being a general regulator of protein synthesis.
However, it remains unclear whether the two func-
tions described for eIF6 indeed coexist, and which is
the relationship between them, if any. Clearly, the
functional study of the archaeal factor will be of great
help in advancing our understanding of the cellular
role of this interesting protein.

A last protein generally included in the transla-
tion initiation factors is the universally conserved
polypeptide known as aIF5A/eIF5A in Archaea and
Eukarya and as EFP in Bacteria. As the bacterial
name implies, this protein can be regarded as a spe-
cialized elongation factor since it appears to catalyze
the formation of the first peptide bond at the end of
the initiation process in Bacteria (Glick et al., 1979).
It seems probable that the function of this factor is
conserved in all cells; however, the structure of
archaeal IF5A differs to some extent from that of bac-
terial EFP. The latter is composed of three β-barrel
domains and has an L-shaped structure reminiscent
of a tRNA; it seems to bind both ribosomal subunits
and to stimulate the peptidyl transferase center on
the 50S particle (Hanawa-Suetsugu et al., 2004). The
archaeal factor (structures are available for M. jan-
naschii, P. aerophylum, and Pyrococcus horikoshii aIF5A)
is somewhat shorter than its bacterial homolog. It
includes only two β-barrel domains and has a rod-
like shape rather than a L-shape, and therefore it
may interact preferentially with the 50S subunit
(Kim et al., 1998). On the basis of structural com-
parisons, it has been proposed that archaeal/eukaryal
IF5A evolved from an EFP-like common ancestor 
following the deletion of one of its three domains,
and that perhaps another still unidentified protein
has replaced functionally the missing domain in
Archaea and Eukarya (Hanawa-Suetsugu et al.,
2004). A remarkable feature of aIF5A, shared with
its eukaryal homolog, is the presence of a uniquely
modified lysine known as hypusine (N-ε-(4-
aminobutyl-2-hydroxy) lysine), whose functional
role is poorly understood.
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Elongation and termination

The process of elongation is the basic biochemical
core of protein synthesis and as such is extremely
well conserved in evolution (see Table 19.3). All cells
make use of two elongation factors, EF1 and EF2
(also known as EF-Tu and EFG in Bacteria). Like the
majority of the components of the translational
apparatus, the archaeal elongation factors have the
closest homology with the eukaryal ones. Indeed,
elongation factors-based evolutionary trees have first
allowed us to place the root of the universal tree
between the Archaea and the Bacteria, identifying
the Archaea and the Eukarya as sister domains
(Iwabe et al., 1989).

Termination, like initiation, has incurred a certain
divergence in the primary domains of cell descent
(see Table 19.3). In Bacteria and Eukarya, the spe-
cific task of recognizing the stop codons is performed
by the class-1 termination factors, which release the
completed polypeptide by promoting the hydrolysis
of the ester bond anchoring it to the tRNA in the P-
site. Bacteria possess two class-1 termination factors:
RF1, recognizing UAA and UAG, and RF2, recogniz-
ing UAA and UGA. By contrast, the Eukarya appear
to employ a single factor (eRF1) to recognize all three
stop codons (Kisselev & Buckingham, 2000). All
archaeal genomes include genes encoding a poly-
peptide homologous to eRF1 (termed aRF1), while
no counterparts of bacterial RF2 have been detected.
Therefore, the Archaea appear to resemble the
Eukarya in using a single factor for stop codon 
recognition. That this is in fact the case has been
demonstrated by the observation that M. jannaschii
aRF1 can promote termination on eukaryotic ribo-
somes (Dontsova et al., 2000). Despite exhaustive 
in silico analyses, no meaningful similarity has 
ever been detected between the bacterial and the

archaeal/eukaryal class-1 RF, which therefore seem
to belong to two distinct protein families (Kisselev &
Buckingham, 2000). Given the functional similarity
between aRF1 and eRF1, the archaeal proteins were
expected to have a structure comparable to that of
their eukaryal counterpart. However, aRF1 appears
to lack entirely a C-terminal domain present in 
both bacterial and eukaryal class-1 RF (Kisselev &
Buckingham, 2000). Very likely, this reflects the fact
that the archaeal genomes do not include any
homolog of the class-2 RF, present in both the Bac-
teria and Eukarya, where they are termed respec-
tively RF3 and eRF3. Class-2 RF are G proteins that
do not participate in the peptide release reaction
itself. The function of bacterial RF3 has been ana-
lyzed in some detail: briefly, its main task seems to
be to accelerate the recycling of class-1 RFs after
translational termination (Zavialov et al., 2002).
Class-1 RFs interact with class-2 RFs by means of the
C-terminal domains that are lacking in archaeal
class-1 RFs. The Archaea also lack any apparent
homolog of a bacterial-specific termination factor
called RRF.

Thus, the data so far available suggest that the
Archaea are endowed with a simplified version of the
eukaryal translation termination mechanism, based
on a single class-1 RF and dispensing with both the
RF3 and the RRF proteins. Obviously, detailed exper-
imental studies are needed to tell whether the
Archaea possess unique termination factors that may
take up the role played by the RF3s and/or RRF in
the other two domains.

Conclusion and prospects

The study of the translational apparatus and of the
protein synthesis mechanism in Archaea is still in its
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Table 19.3 Translation elongation and termination factors in the primary domains.

Archaea Eukarya Bacteria Function

Elongation factors aEF1A eEF1A EFT Adapts aa-tRNA in ribosomal A site
aEF2 eEF2 EFG Promotes translocation

Termination factors aRF1 eRF1 RF1/RF2 Stop codon recognition
eRF3 RF3 Recycling of RF1

RRF Ribosome recycling
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infancy, but the relatively few data available are
revealing an interesting scenario of “hybrid” features
whose detailed understanding will give new and
exciting insights to the evolutionary history of the
protein synthetic machinery. Foremost questions to
be addressed in the near future regard the under-
standing of the mechanism for translation of leader-
less mRNAs and the unraveling of the function of the
putative translation initiation factors. A particularly
interesting task will be to determine whether the
Archaea make use of translational regulation mech-
anisms based on the phosphorylation of the transla-
tional factors that the Archaea share with the
Eukarya, i.e. a/eIF2 and aIF6. The unraveling of the
functional and regulatory role of these proteins,

besides being interesting in itself, will be important
to clarify some still obscure aspects of their function
in eukaryotes.

A further subject almost completely unexplored is
the mechanism of archaeal translational termination,
which seems to be based on a single, eukaryal-like
termination factor. Once more, the study of archaeal
termination is likely to shed light on the unclear
aspects of the corresponding eukaryal process, espe-
cially on the function of eRF3, a factor that in
Archaea is apparently missing. Thus, translational
studies in Archaea will not only improve our knowl-
edge of the basic workings of the gene expression
machinery, but also be precious to orient future
research in the eukaryotic field.
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Introduction

A Herculean effort by a large cadre of investigators during the 1950s and 1960s defined the ribosome (and
its rRNA and protein components), tRNA, and mRNA as the core machinery of the information transfer system
– the system that translates nucleotide sequence information stored in DNA into the amino acid sequence of
proteins. In the decades that followed few biologists recognized or appreciated the possibility that the role of
RNA in biology could extend much beyond the translation process. This prevailing attitude began to change
in the 1980s, both with the discovery of introns (review in Witkowski, 1988) and with the discovery that
some RNAs possess catalytic activity (Cech et al., 1981; Guerrier-Takada & Altman, 1984). These observations
coincided with the discovery and characterization of a number of different cellular RNAs that exist, like the
ribosome, as ribonucleoprotein complexes. Examples of such complexes included RNaseP (processing of
tRNAs), the signal recognition particle (translocation of protein), the splicosome (removal of introns from
eukaryotic mRNAs), telomerase (restoration of telomeric sequences at the ends of eukaryotic chromosomes),
and small nucleolar (sno)RNPs (processing and modification of pre rRNA). In the past few years, whole new
families of small regulatory RNAs or RNA elements that are believed to modulate gene expression have 
been discovered and described in both prokaryotic and eukaryotic organisms (Huttenhoffer et al., 2001; 
Wassarman et al., 2001; Eddy, 2002; Gottesman, 2002; Tang et al., 2002b; Nelson et al., 2003; Mattick, 2004;
Storz et al., 2004; Zago et al., 2005).

The advent of the genomics era over the past decade has provided complete sequences for hundreds of
microbial genomes. Although protein coding genes (ORFs) in these genomes are generally easy to identify
using various informatics tools, the regions encoding small RNAs (other than tRNAs) are generally much
more difficult to identify, particularly where there are no conserved box sequence elements or RNA struc-
tural motifs and where the function of the RNA is poorly understood. This chapter reviews the recent progress
that has been made in identifying and characterizing the structure and function of the plethora of small non-
coding RNAs in Archaea.

The eukaryotic nucleolous

In eukaryotic cells the nucleolus functions as a
factory for the production and assembly of ribo-
somes. The factory contains scores of distinct RNP
machines, each working along the ribosome assem-
bly line and participating in the processing, modifi-
cation, and folding of the nascent rRNA. Based on

the sequence and structural features of their RNA
components, the machines divide into two major
classes – the C/D box snoRNPs that guide 2′O-ribose
methyl modifications and the H/ACA box snoRNPs
that guide pseudouridine modifications in the
nascent rRNA (Plate 20.1) (Bachellerie et al., 1995,
2000; Maxwell & Fournier, 1995; Balakin et al.,
1996; Ganot et al., 1997; Tollervey & Kiss, 1997).

20
Expanding world of small noncoding 

RNAs in Archaea

Arina Omer, Maria Zago and Patrick P. Dennis
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Both the C/D box and the H/ACA box snoRNPs 
use guide sequences that are complementary to
sequences in the rRNA to direct the modifications to
specific locations (Kiss-Lazslo et al., 1996; Tollervey,
1996; Kiss, 2001). Biochemical and genetic studies
with various eukaryotic organisms have led to the
identification of four protein components of C/D box
RNPs (Fib (the methyl transferase), two paralogous
proteins Nop56 and Nop58, and the 15.5kDa
protein) and four protein components of H/ACA 
box RNPs (Cbf5 (the pseudouridine synthetase),
Gar1, Nop10, and Nhp2 (a paralog of the 15.5kDa
protein)). In addition to guide-directed modification,
both types of complexes appear to participate in the
endonucleolytic processing and mediate the folding
of the nascent rRNA at critical points along the
assembly pathway (Steitz & Tycowski, 1995; 
Ofengand & Fournier, 1998).

Biochemical and informatics
identification of C/D box RNAs 

in Archaea

Seminal work over the past few years has revealed
that the ribosomes of Sulfolobus acidocaldarius (and
presumably other archaeal species) contain a large
number of sites of 2′O-ribose methyl modification
and that these modifications are mediated by RNP
complexes that are homologous to eukaryotic C/D
box snoRNPs (Noon et al., 1998; Omer et al., 2000).
These discoveries imply that nucleolar function 
originated prior to the divergence of Archaea and
eukaryotes. The initial biochemical discovery of
archaeal C/D box RNAs was made by sequencing
entries in a S. acidocaldarius cDNA library that was
prepared from small RNAs that were co-immuno-
precipitated using antibodies against the archaeal Fib
or Nop5 (also referred to as Nop56/58) protein
(Omer et al., 2000). Based on the presence of the
four conserved box (C, D′, C′, and D) sequences and
the spacing between the boxes in the cloned RNAs,
search programs were designed to help to identify
the genes encoding these sRNAs in sequenced
archaeal genomes. The results of these searches
revealed that genes encoding C/D box sRNAs 
are abundant in archaeal genomes, particularly the
genomes of organisms that grow at high tempera-
tures (Gaspin et al., 2000; Omer et al., 2000). This

correlation with growth temperature may mean: (i)
that the base pairing occurring between the guide
regions of the C/D box RNAs and the nascent rRNA
assists in the proper folding of the rRNA during
assembly; or (ii) that the deposition of methyl groups
along the rRNA backbone contributes to the stabi-
lization of higher order structure of the RNA within
the ribosome. In a number of instances, the presence
of a methyl modification predicted by the comple-
mentarity between the sRNA guide and rRNA target
sequences has been confirmed (reviewed by Dennis
et al., 2001; Omer et al., 2000).

Archaeal C/D box RNP complexes

The archaeal methylation guide C/D box RNPs
consist of a single small RNA (sRNA) about 50–60
nucleotides in length and two copies of each of three
proteins: L7Ae (a homolog of the eukaryotic 
15.5kDa protein), Fib, and Nop5 (Omer et al., 2002;
Rashid et al., 2003). The RNAs are characterized by
moderately conserved C (UGAUGA) and D (CUGA)
box sequence motifs located near the 5′ and 3′ ends
of the molecules and reiterated D′ and C′ boxes
located near the center of the molecule (Plate 20.1).
This imparts a bipartite structure to the RNA. The
C/D, and D′/C′ boxes form two separate K-turn
motifs in the bipartite RNA that are each stabilized
by association with the L7Ae protein (Kuhn et al.,
2002). The K-turn motif is found in many RNAs and
is characterized by an asymmetric internal (or ter-
minal) loop in a helical region of the RNA where the
loop is partially closed by two adjacent sheared AG
base pairs. The nucleotide adjacent to the second AG
base pair (usually U) is protruded from the loop by
the sharp 45–63° bend in the RNA backbone (Klein
et al., 2001). The molecular details of this interaction
are provided by a number of X-ray crystal structures
that include the Haloarcula marismortui 50S subunit
(Ban et al., 2000), the L30e (Mao et al., 1999), 
15.5kDa (Vidovic et al., 2000), or L7Ae (Moore et
al., 2004; Suryadi et al., 2005) proteins in complex
with various K-turn containing RNA fragment. All of
the structures are highly similar and generally equiv-
alent. In the L7Ae–C/D box RNA co-crystal, the
protein makes contact with six RNA nucleotides: U5,
G6, and G19 at the top of stem II and C16, G17, and
U18 in the loop region (Plate 20.1) (Moore et al.,
2004; reviewed by Dennis & Omer, 2005). At the
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present time there is no crystal structure of the fully
assembled methylation guide RNP complex.

The Fib protein component of C/D box RNPs has
an S-adenosyl methionine binding domain and has
been implicated in the methyl transferase function of
the complex, whereas the Nop5 protein is believed
to serve as a bridge between the sRNA and the cat-
alytic Fib subunit. The Fib, Nop5, and Fib–Nop5 het-
erodimer do not show appreciable affinity for either
the naked C/D box sRNA or for the L7Ae protein
(Omer et al., 2002). Nevertheless, two copies of 
the Fib–Nop5 heterodimer rapidly assemble onto 
the L7Ae–sRNA complex in vitro to produce a larger
complex that is active in guide-directed methylation.
The explanation of this anomaly seems to be that the
binding of the L7Ae protein stabilizes the structure
of the K-turn within the RNA, revealing features that
can then be recognized by the Fib–Nop5 complex
(Omer et al., 2002).

Mutational analyses along with a crystal structure
of the Fib–Nop5 heterodimer have provided addi-
tional clues relating to the overall structure of the
fully assembled RNP complex. The positively charged
surface on the C-terminal domain of Nop5 has been
implicated as the region that interacts with the acces-
sible features of the tightly kinked K-turn RNA that
are revealed by binding of the stabilizing L7Ae
protein. These features are believed to include 
the sharply bent phosphate backbone of the box C,
including the major groove edge of the protruding U
base and stem II. The N-terminal domain of Nop5
forms a complementary surface to Fib that interfaces
the two subunits around a stabilized binding pocket
for the S-adenosyl methonine cofactor. The coiled
coil domain in the center of the Nop5 protein medi-
ates self-dimerization and optimally positions the
two Fib–Nop5 heterodimers into the bipartite, fully
assembled, and active RNP complex (Plate 20.1; 
Aittaleb et al., 2003).

Probing the structure and function of
archaeal C/D box RNPs

The C/D box sR1 sRNA from S. acidocaldarius uses the
D box guide to direct methylation to position U52 in
16S rRNA (Fig. 20.1a). A major step toward under-
standing of the methylation function of archaeal C/D
box RNPs came with the reconstitution of active

complexes using in vitro transcribed sR1 RNA and
purified recombinant proteins from S. acidocaldarius
(or similar systems from other Archaea) (Omer et al.,
2002). The initial study demonstrated that the L7Ae
protein binds directly to the C/D box RNA and nucle-
ates the sequential addition of the Nop5 and Fib to
the complex. When the complex was supplied with
a fragment of rRNA that was complementary to the
guide region of the sRNA along with S-adenosyl
methionine as a methyl donor, methylation was
directed to the predicted N plus five position in the
target RNA that base pairs with the guide region in
the sRNA. The methylation activity of the complex
was dependent on the presence of active fibrillarin
protein and on a Watson–Crick base pair between the
guide and target at the site of methylation (Omer et
al., 2002). This in vitro assembly and methylation
system has been used extensively to examine aspects
of the structure and function of C/D box RNPs and
the nature of the interaction of the complex with the
target RNA.

Structure–function constraints 
in C/D box sRNAs

A number of analyses that use mutant sRNAs to
establish structure–function constraints have been
carried out. In circularly permuted RNAs the wild
type 5′ and 3′ termini are connected and new extrem-
ities are created at alternative sites. Circular permu-
tations have been used as a tool to probe the folding
pathway and tertiary structure of various RNAs. We
constructed circular permutation mutants of sR1 and
examined the ability of these altered sRNAs to assem-
ble into RNP complexes and to catalyze methylation
of a complementary fragment of rRNA containing
position U52 (Omer et al., in the press). When the 5′
and 3′ ends were relocated to the region connecting
the D′ and C′ boxes (to give an sRNA where the order
of the boxes was 5′–C′–D–C–D′–3′), the sRNA was
fully active in both assembly and methylation,
whereas when the 5′ and 3′ ends were relocated to
the connector region between the C and D′ box (to
give sRNA where the order of the boxes was
5′–D′–C′–D–C–3′), the sRNA was able to assemble
into a RNP complex but the complex was inactive in
methylation (Fig. 20.1b, c). In a separate study, a sys-
tematic analysis of the spacing between the C and D′
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Fig. 20.1 Structure of mutationally altered C/D box
sRNAs. The structure–function relationships of
archaeal C/D box sRNAs have been probed using
mutated RNAs in in vitro assembly and activity assays.
The sequence of the sR1 sRNA from S. acidocaldarius is
illustrated at the top of the figure along with the
partial sequence of the fragment of rRNA that is
recognized as target. The C, D′, C′, and D boxes are
overlined and the base pair at the site of methylation
(U52) is boxed. The structures illustrated are: (a) the
structure of the typical wildtype sR1 sRNA from S.
acidocaldarius; (b) circular permutation of sR1 where
the 5′ and 3′ ends have been relocated to the
connector loop between the D′ and C′ boxes; (c)
circular permutation where the 5′ and 3′ ends have
been relocated to the connector regions between the
C and D′ boxes; (d) deletion mutant where the C and
D boxes have been removed to give a half sRNA; (e)
missense mutant where the critical A and G residues
in the C and D boxes required for the formation of
the K-turn have been replaced by Cs; (f) structure of
P. horikoshii sR24 sRNA containing D and D′ box anti-
sense elements that guide methylation respectively to
positions C1221 and C1243 in 23S rRNA; (g)
structure sR14 sRNA from S. acidocaldarius that guides
methylation to position U34 in tRNAGln (UUG). The
activity of the complexes on directing methylation in
vitro is indicated on the right: (+), normal or near
normal activity; (+/−), low residual activity; (−),
inactive.

and the C′ and D in archaeal sRNAs indicated that the
length of the spacer regions is generally narrowly
constrained to between 11 and 13 nucleotides (most
often 12 nucleotides) (Tran et al., 2005). To under-
stand the importance of this spacing, deletion and
insertion mutants that alter the length of both spacers
by increments of two nucleotides without altering the
guide–target interaction were constructed. Although
the spacer mutant sRNAs were efficiently assembled
into sRNPs, their in vitro methylation activity was
drastically impaired (Tran et al., 2005). Together
these observations indicate that although individual
C/D and the C′/D′ K-turns are flexible and dynamic
structures in the context of symmetrically assembled
RNPs, the two juxtaposed K-turn motifs need to be
spatially constrained with respect to each other 
in order for the methylation reaction to occur 
efficiently.

�
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A number of studies have used targeted mutage-
nesis to determine the function of the two separate
K-turns formed by the C/D and C′/D′ sequences
(Tran et al., 2003; Omer et al., in press). Deletions
that remove either the C/D or the D′/C′ K-turns and
generate half sRNAs retain the ability to bind L7Ae,
Nop5, and Fib (Fig. 20.1d) (Tran et al., 2003). Simi-
larly, RNAs that contain one mutant (misfolded) K-
turn are not able to bind L7Ae efficiently at the
aberrant site but maintain the capacity to assemble
L7Ae with at least one Nop5–Fib heterodimer at the
normal K-turn site to form asymmetric particles (Fig.
20.1e) (Rashid et al., 2004). Both the half sRNP com-
plexes and the asymmetric sRNP complexes possess
low residual methylation activity. Although the
results are not always equivocal, it is generally 
the case that disruption of the K-turn associated with
the guide function (box C/D K-turn and D guide
function or box C′/D′ K-turn and D′ guide function)
is more detrimental to the activity of the complex
than is disruption of the nonguiding K-turn motif
(Tran et al., 2003; Omer, in preparation). Merged
together these observations provide strong support
for a symmetrical sRNP structure that contains two
copies of each of the three proteins organized around
the C/D and D′/C′ K-turns as depicted in Plate 20.1.
The integrity of both K-turns, particularly the one
associated with guide function, is required for full
activity of the complex.

Double guide RNPs

The fact that archaeal C/D box sRNA can use either
the D- or the D′-associated guide sequence to direct
methylation to a suitable target RNA has been well
established. The symmetrical nature and the pres-
ence of predicted D- and D′-associated guides in
many C/D box sRNAs suggests that at least some of
these may have “double guide” enzymatic activity
and be capable of directing methylation to two sep-
arate locations within the 16S or 23S rRNA target.
The predicted sites of methylation for many of these
double guide sRNAs are located in close proximity,
suggesting further that the two guide–target interac-
tions may occur simultaneously and perhaps influ-
ence the localized folding of the rRNA and its
assembly into ribosomal subunits (Dennis et al.,
2001; Zieche et al., 2004). The importance of this
double interaction and its impact on the efficiency of

the methylation reaction has been examined using
the Pyrococcus horikoshii sR24 RNA (Fig. 20.1f). The D
and D′ box anti-sense elements of this sRNA are pre-
dicted to guide methylation respectively to positions
C1221 and C1243 in 23S rRNA (Gaspin et al., 2000;
Omer et al., 2000). When assembled into a RNP
complex with L7Ae, Nop5, and Fib, the complex effi-
ciently catalyzed methylation to both of the 
predicted sites in a longer fragment of 23S rRNA-
containing regions of complementarity to both the D
and D′ guide sequences. In contrast, the catalytic
activity of the complex was significantly attenuated
when the D and D′ regions of complementarity 
were presented on two separate shorter rRNA frag-
ments (Zieche et al., 2004). This suggests that in 
at least some double guide sRNAs, the two guide
regions work in concert to select the complementary
target and to catalyze efficient methylation on the
target RNA.

Methylation of tRNA

The D- and D′-associated guide regions of most
archaeal sRNAs exhibit a 9 to 12 nucleotide long
region complementarity to either 16S or 23S rRNA.
However, in many instances, the guide regions of
some sRNAs that lack sequence complementarity 
to rRNA instead exhibit complementarity to tRNA
sequences. The predicted sites of methylation are
confined exclusively to the known positions of 2′O-
ribose methyl modification in at least some tRNAs
(Dennis et al., 2001). These methyl modifications
function to enhance the accuracy of the codon–
anticodon interaction or to stabilize higher order
structure in the tRNA. In eukaryotes and bacteria,
methyl transferase enzymes that recognize sequence
and structure within the tRNA mediate all of the
known ribose methylations in tRNA and none of
these modifications is known to use a RNA guide.

The ability of archaeal C/D box sRNAs to carry out
the modification of full-length tRNA sequences has
been examined in vitro (Zieche et al., 2004). The D
box guide in S. acidocaldarius sR14 was predicted to
methylate the wobble base U34 in tRNAGln (UUG),
but not the corresponding position C34 in the iso-
acceptor tRNAGln (CUG) (Fig. 20.1g). The ability of
sR14 to guide tRNA modification at position U34 has
been tested by assembling the guide RNA into 
an RNP complex and determining the degree of
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methylation of either tRNAGln (UUG) or tRNAGln

(CUG) substrates. The complex was enzymatically
active only when the base at position 34 of the
tRNAGln was U. The specificity of the complex was
changed by introducing an A to G mutation into the
D box guide sequence of sR14 opposite the site of
methylation; the altered sRNA as predicted was now
active in methylation of tRNAGln (CUG) and inactive
on tRNAGln (UUG) (Zieche et al., 2004).

In a second example, the D′ box guide of sR11
from S. solfataricus is predicted to target methylation
to position G18 in tRNAGln. The residues G18 and
G19 are highly conserved in all tRNAs (Giege et al.,
1993; Dirheimer et al., 1995), and are responsible for
the formation of the L-shaped three-dimensional
structure by D-loop/T-loop interaction through the
tertiary base pairs G18-Ψ55 and G19-C56 (Kim et al.,
1974; Robertus et al., 1974). In E. coli and yeast, the
G18 methyltransferase enzymes are believed to be
SpoU and Trmp3 respectively (Persson et al., 1997;
Cavaille et al., 1999). When assembled into com-
plexes with L7Ae, Nop5, and Fib, the S. solfataricus
sR11 was able to direct methylation to the predicted
location in the RNA. Mutational alteration of the
sRNA guide or the tRNA target sequence at the site
of modification abolished the activity of the complex.

These studies demonstrate the unique function of
archaeal C/D box sRNAs in the methyl modification
of tRNAs (Zieche et al., 2004). The importance of this
reaction may be related to the fact that many
Archaea grow at high temperatures. It has been sug-
gested that under these conditions the tRNA primary
sequences may sometimes lack sufficient structure to
be recognized by conventional methyl transferase
enzymes. The introduction of the methyl group by
the sRNP guide complex, which presumably does not
require tRNA structure, likely contributes to stabi-
lization and folding of tRNA into the conventional
tertiary structure (Dennis et al., 2001; Renalier et al.,
2005).

Introns in archaeal tRNA genes

The genomes of many Archaea contain one or a small
number of tRNA genes that are disrupted by short
introns, usually within the anticodon loop of the
tRNA (Kaine et al., 1983; Daniels et al., 1985). The
most interesting example of this is the tRNATrp gene
found in most species of Euryarchaea. In Haloferax

volcanii, the gene contains a 142 nucleotide long
intron located between positions 37 and 38 within
the anticodon loop of the mature tRNA. The
5′exon–intron and intron–3′exon boundaries are par-
tially complementary and are capable of forming a
short helical region containing a bulge–helix–bulge
(BHB) structural motif that is characterized by two
three-base bulges, positioned on opposite strands and
separated by four base pairs. This motif is the sub-
strate for the intron excision endonuclease that
cleaves within the bulges to excise all archaeal introns
having the motif at the intron–exon boundaries
(Thompson et al., 1988; Thompson & Daniels, 1990).
In addition, the BHB motif is generally present in the
processing stems of the rRNA operon transcript (see
below) and the endonuclease activity is used to excise
pre16S and pre23S rRNAs from these precursor tran-
scripts (Dennis et al., 1998) and possibly unstable pre-
mRNAs (Lykke-Andersen et al., 1997).

The tRNATrp intron is unusual in that it contains a
sequence with all of the hallmark features of a C/D
box sRNA and the two guide regions are predicted 
to guide methylation to positions C34 and U39 in
mature tRNATrp. It has been suggested that this
arrangement might be used to facilitate cis-directed
methylation and to link methyl modification of posi-
tions C34 and U39 to intron excision and tRNA 
maturation (Thompson et al., 1988; Thompson &
Daniels, 1990; Clouet d’Oval et al., 2001). However,
recent experiments suggest that guide-directed
methylation occurs most efficiently in trans between
two intron-containing (unprocessed) transcripts or
between an excised intron and a unprocessed tran-
script (Singh et al., 2004). Methylation at position
C34 precedes methylation at U39. To date there has
been no identification of the RNA ligase enzyme and
some investigators have speculated that ligation may
be catalyzed by the RNA bulge–helix–bulge motif.

Circular C/D box sRNAs

The complexity of C/D box sRNA biogenesis and
function has been highlighted by the recent discov-
ery that these RNAs can exist as circular molecules
(Starostina et al., 2004). It was noticed that in a
cDNA library of small RNAs from Pyrococcus furiosus
there were a number of unusual C/D box sRNA
clones that appeared to be circular permutations of
the corresponding gene sequence. To explain the
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existence of these C/D box variants, a model involv-
ing the circularization of C/D box RNAs that are ran-
domly cleaved during the RNA purification and
cloning procedure was proposed. Using Northern
blotting and RT-PCR analysis, it was demonstrated
that in Pyrococcus linear C/D box RNAs coexist with
single circles or multiple circularized forms that
resulted from concatemerization and ligation of the
normal 5′ to 3′ ends of the sRNA. The RNA end lig-
ation activity in this case is clearly distinct from the
ligase activity that is involved in the tRNA intron
excision/ligation pathway and in the rRNA process-
ing pathway (see below). Interestingly, both linear
and circular C/D box RNAs were able to associate
with all three core C/D box proteins, as indicated by
their presence in anti-L7Ae and anti-Nop5 immuno-
precipitates. At this point it is unclear what role these
circular sRNAs might play in sRNA biogenesis and
function, or if the RNP complexes assembled with
circular sRNAs are active in methylation.

Structure and function of archaeal
H/ACA box RNP complexes

In contrast to eukaryotic organisms where both C/D
and H/ACA box RNPs are abundant, archaeal organ-
isms appear to contain only a few H/ACA RNPs and
pseudouridine modifications in rRNA are infrequent.
Identification of H/ACA RNAs in Archaea was
accomplished by sequencing of entries in cDNA
libraries prepared from small RNAs from several
species of Archaea (Tang et al., 2002b; Zago et al.,
2005). The low abundance of these H/ACA RNAs
and their poorly conserved features have precluded
the development of an effective H/ACA gene finding
program that can be widely applied to other archaeal
genomes. Again, the presence of pseudouridine
modifications in rRNA at sites predicted from guide
sequences of the cloned sRNAs have been confirmed
by biochemical analysis. In eukaryotic organisms
four proteins are associated with H/ACA snoRNAs
and these have homologs that are encoded in
archaeal genomes: Cfb5, the putative pseudouridine
synthetase, Gar1, Nop10, and Nhp2. Interestingly, 
in a subset of Archaea, the gene encoding the 
Cfb5 enzyme contains introns. In addition, the
exon–intron junctions of this gene are predicted to
fold into a bulge–helix–bulge motif, suggesting that

splicing of the Cfb5 pre-mRNA relies on the same
endonuclease activity involved in the processing of
tRNA introns and rRNA precursors (Watanabe et al.,
2002). The Nhp2 protein is a member of the 15.5kDa
family of proteins and in archaeal H/ACA sRNPs this
protein is replaced by the homologous L7Ae protein
that is a component of the large ribosome subunit
and of C/D box RNPs (see above). Analysis of
archaeal H/ACA sRNAs reveals the presence of an
RNA K-turn structural motif that serves as the
binding site for the L7Ae protein (Plate 20.1;
Rozhdestvensky et al., 2003).

The majority of information relating to the struc-
tural organization of archaeal H/ACA box RNAs
comes from the reconstitution of an active complex
using protein components and Pf9 sRNA from P.
furiosus and Pab91 sRNA from P. abyssi (Baker et al.,
2005; Charpentier et al., 2005). The functional
hairpin unit of the H/ACA pseudouridine guide RNA
is about 60–75 nucleotides in length. The Pf9 sRNA
consists of a single hairpin structure containing: (i) a
bipartite guide sequence located within a central
loop; (ii) a K-turn near the top of the stem; (iii) a
conserved GAG sequence that is part of the terminal
loop; and (iv) a conserved box ACA at the 3′ base of
the stem. The Pab91 sRNA differs somewhat in that
the K-turn is located in the loop at the top of the
hairpin and the GAG sequence is not present in the
terminal loop (Charpentier et al., 2005). In the target
RNA the two components that base pair with the
bipartite guide sequence are usually separated by
two nucleotides, one of which is the uridine to be
modified. The guide target interaction positions the
uridine in the pseudouridylation pocket (Plate 20.1).
The distance between the pseudouridine pocket that
interrupts the bipartite guide and the ACA box
sequence at the base of the helix is generally about
14 nucleotides. The H/ACA sRNAs can contain
between one and three repeats of this basic unit
structure. Each unit appears to contain one copy of
each of the four proteins (Tang et al., 2002b).

Gel shift assays using wild type or mutant Pf9
guide RNAs indicate that the Cbf5 and the L7Ae bind
independently to the sRNA, whereas neither Gar1
nor Nop10 binds directly to the RNA (Baker et al.,
2005). The Cfb5 determinants on the RNA are
complex and include the box ACA sequence, the
pseudouridylation pocket and the conserved GAG
trinucleotide in the terminal loop. Protein inter-
actions and gel shift experiments indicate that Gar1
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and Nop10 are both able to interact with Cbf5 but
not with each other or with the L7Ae protein. This
has led to the model in which the Cbf5 protein binds
to the RNA through at least three widely spaced
contact points and independently recruits Gar1 and
Nop10 to the complex. The complex remains inac-
tive in pseudouridylation until L7Ae binds to the K-
turn and introduces a sharp bend into the backbone
of the RNA hairpin that is presumably required for
activation of the archaeal H/ACA complex. Inclusion
of a fragment of rRNA complementary to the bipar-
tite guide with an appropriately positioned uridine
results in target uridine isomerization. It has been
suggested that Gar1 and Nop10 may be involved in
interaction with or release of the rRNA substrate
(Baker et al., 2005).

The second study with Pab91 has provided a
slightly modified view of the in vitro structure, assem-
bly, and activity of archaeal box H/ACA sRNAs (Char-
pentier et al., 2005). The Pab91 sRNA differs from Pf9
in that it is somewhat shorter and the K-turn is located
in the terminal loop of the hairpin; there is no con-
served GAG sequence in this terminal loop. In con-
trast to the earlier work, the results of Charpentier et
al. (2005) suggest that: (i) the Cbf5 protein shows
rather low affinity for the sRNA; (ii) only the Cfb5 and
Nop10 proteins were required for activity; and (iii) the
box ACA was not required for activity (or for Cbf5
binding). These minor discrepancies may be the result
of differences in the in vitro structure, assembly, and
activity of different archaeal box H/ACA sRNA or in
the sensitivities of the assays used in the two studies.
Both studies indicate that the maximal pseudouridy-
lation activity occurred when all four proteins and
box ACA were present, and the efficient binding of
the target RNA to the RNP complex required a uridine
at the site of pseudouridylation. At this point most of
the evidence suggests that the interactions enumer-
ated in the archaeal system are likely to be conserved
in eukaryotic systems (Baker et al., 2005; Charpentier
et al., 2005).

L7Ae binding and the RNA K-turn
motif are common features of 

archaeal small RNAs

An informatic analysis of RNA K-turn motifs based
on a consensus sequence suggested that K-turns
might be common to many types of RNAs. In

Archaea the single multifunctional L7Ae protein,
which binds to the K-turn motif, is a component of
the ribosome (Ban et al., 2001), as well as C/D box
(Omer et al., 2002) and H/ACA box RNP complexes
(Rozhdesventsky et al., 2003). To survey the fre-
quency of the motif more carefully and to begin to
characterize the diversity of RNAs containing the
motif, we constructed a cDNA library from the small
RNAs that were immunoprecipitated from S. solfatar-
icus cell extracts with antibodies against the multi-
functional L7Ae protein (Zago et al., 2005). The
sequencing of 128 insert-containing clones revealed
a remarkable diversity of RNAs that extended far
beyond the canonical C/D box and H/ACA box
sRNAs. Single or multiple clones representing over-
lapping regions of 45 different core sequences were
recovered. Most of these RNAs represented by these
clones had recognizable K-turn motifs and were able
to form a stable association with the L7Ae protein.
The remaining RNAs that did not bind L7Ae directly
were presumed to be present in the library because
they were in larger complexes that contained some-
where a K-turn and were able to bind the L7Ae
protein. A second more general library, constructed
from a pool of unfractionated small RNAs, resulted
in the identification of 57 novel sequences (Tang et
al., 2005). The clones recovered using the two dif-
ferent library construction strategies exhibit numer-
ous common RNA entries or RNA entries with
similar features. Based on characteristic features, the
RNAs can be grouped into six categories (Plate 20.2):
(i) RNAs that exhibited some or all of the features of
canonical C/D box or H/ACA box sRNAs; (ii) sense
strand RNAs that were encoded within or overlap-
ping annotated ORFs; (iii) RNAs that were derived
from intergenic regions; (iv) antisense RNAs that
were partially or completely complementary to the
mRNAs of protein encoding ORFs or to C/D box
sRNAs; (v) RNAs that corresponded to fragments of
7S RNA; and (vi) stable tRNAs and fragments from
the 5′ and 3′ ends of 16S and 23S rRNA. It is notable
that no internal fragments of 16S or 23S rRNA were
recovered (Zago et al., 2005).

Pre-rRNA processing complex

Of particular interest were the four rRNA fragments
obtained from the L7Ae library representing the 5′
and 3′ ends of 16S and 23S rRNA. None of the four
fragments exhibits binding affinity to the L7Ae
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protein and only the fragment from the 5′ end of 16S
rRNA contains a known or predicted site of 2′O-
ribose methylation (position U52). Why were these
specific RNA fragments recovered in the L7Ae
library, whereas no other internal rRNA fragments
were recovered? The answer to this question is likely
to be related to the machinery that cleaves the 
precursor rRNA transcript to release the 16S and 
23S rRNA sequences. In Sulfolobus, as in most 
other Archaea, the pre-rRNA contains long
bulge–helix–bulge (BHB) processing stems that sur-
round the respective 16S and the 23S rRNA
sequences (Dennis et al., 1998). The BHB RNA motif
is found not only in the processing stem of archaeal
pre-rRNA but also at the intron–exon junction of
archaeal intron-containing RNA transcripts. This
motif is the substrate for an intron excision endonu-
clease that is homologous to the eukaryotic tRNA
intron excision endonuclease (Thompson & Daniels,
1988). Another interesting group of RNAs were
recovered from both the small RNA and the L7Ae
libraries; these RNAs contained 5′ETS, ITS, and 3′ETS
sequences from the pre-rRNA that had been ligated
to each other at the site of endonuclease cleavage in
the BHB motif (Tang et al., 2002a; Zago et al., 2005).
Interestingly, the ITS spacer sequence contains a well
defined K-turn motif and exhibits high affinity for
L7Ae protein binding. Together these results suggest
that a large processing complex forms on the pre-
rRNA and contains the L7Ae protein, the intron exci-
sion endonuclease, the yet to be identified exon
ligase, and probably other components. Antibodies
against the L7Ae protein apparently precipitated the
complex and fragments of the RNA near the center
of the complex (i.e. the spacer sequences and the 5′
and 3′ ends of the mature rRNAs) were recovered in
the L7Ae library. It should also be noted that in
eukaryotes a large complex containing a number of
different C/D box and H/ACA box snoRNPs is assem-
bled and mediates essential endonucleolytic cleavage
events within pre-rRNA (Granneman & Baserga,
2005).

The signal recognition particle

Both small RNA libraries also contained fragments of
7S RNA, the RNA component of the signal recogni-
tion particle. In eukaryotes, the complex contains, 
in addition to the 7S RNA, six different proteins
(Keenan et al., 2001). Homologs to only two of these

proteins (SRP19 and the GTPase SRP54) have been
identified in Archaea (Eichler & Moll, 2001). Bio-
chemical and mutational analysis identified a K-turn
motif within the large asymmetric loop in the middle
of helix 5 of the Sulfolobus 7S RNA (Zago et al., 2005).
In the eukaryotic SRP, this region is the binding site
for SRP68/72; these proteins are responsible for
bending the RNA so that it can interact simultane-
ously with the A site and the exit tunnel on the
surface of the large ribosome subunit (Halic et al.,
2004; Iakhiaeva et al., 2005). The binding of the
L7Ae protein to the K-turn motif in the Sulfolobus 7S
RNA would be expected to stabilize the tightly
kinked structure in the RNA backbone and might
therefore eliminate the need for the SRP68/72 pro-
teins to provide this function. It is also interesting to
note that a full-length antisense 7S transcript has
been detected in Sulfolobus; the role of this transcript
in SRP function remains unclear (Zago et al., 2005).

Sense and antisense RNAs

Interest in small RNAs has burgeoned in recent years
with the discovery and characterization of: (i) small
noncoding RNAs in bacteria; and (ii) small inhibitory
and micro RNAs in eukaryotes (Wassarman et al.,
2001; Nelson et al., 2003; Bartel, 2004; Stortz et al.,
2004). Many of these RNAs are antisense, exhibit full
or partial complementarity to mRNAs, and have
been implicated in the processes that regulate mRNA
translation and stability. Others are sense strand ele-
ments such as riboswitches or other cis acting 
elements that regulate translation, attenuation, pro-
cessing, or degradation of the mRNA.

A number of fragments of mRNA that contain
stable K-turns were recovered from the small RNA
and the L7Ae libraries (Tang et al., 2005; Zago et al.,
2005). The K-turn motifs in these sense strand frag-
ments are most often derived from regions of
complex secondary structure that overlap either the
translation initiation or translation termination sites
and suggest an important role for the L7Ae in the
post-transcriptional regulation of gene expression
(Plate 20.3a). One example of an mRNA fragment
clone (sR110) corresponds to the 5′ UTR and trans-
lation initiation region of the ORF that encodes
subunit four of formate dehydrogenlyase. The 5′ UTR
forms a long hairpin structure with a K-turn at the
base; the Shine–Dalgarno and AUG translation initi-
ation codon are sequestered in the descending side
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of the hairpin above the K-turn. Another example of
an mRNA fragment clone (sR114) corresponds to the
translation termination and 3′ UTR region of a hypo-
thetical transposase-related protein (Plate 20.3b).
The region exhibits a hairpin structure that contains
the translation termination codon near the base of
the descending strand, immediately under a K-turn
motif. The genome of S. solfataricus contains two
additional highly similar copies of this element and
it is conserved in the genome of several related
archaeal species (Zago et al., 2005). This suggests that
the sequence may represent a module or controlling
element that can be recruited to function at the 3′
end of different ORFs.

Both Sulfolobus small RNA libraries contain small
fragments of antisense RNA that are complementary
to 5′, 3′, or internal regions of mRNAs that most
often (but not exclusively) encode transposon
related proteins (Tang et al., 2005; Zago et al., 2005).
The synthesis of these proteins is expected to be
tightly regulated because of the genomic instability
that results from uncontrolled transposition. The
detected antisense RNAs are predicted to be impor-
tant components in this regulation. Many of these
antisense RNAs contain K-turn motifs and exhibit
high affinity binding to the L7Ae protein. One
example of an antisense RNA fragment (sR129) is
complementary to the last 15 nucleotides of the
transposase-related gene and the first 49 nucleotides
of the transposase 3′ UTR (Plate 20.3c). The fragment
contains a K turn motif in the region complementary
to the 3′ UTR. This 64 nucleotide fragment may have
been derived from a longer RNA since we also recov-
ered a second antisense RNA fragment (sR126) that
is complementary to the 5′ end of the same trans-
posase mRNA but does not contain a K-turn motif
(Zago et al., 2005). Indeed, a number of the antisense
clones do not contain a recognizable K-turn or bind
the L7Ae protein. Some or all of these may be frag-
ments of larger antisense transcripts that do contain
the motif and do bind the protein. These results
suggest that K-turn motifs and their interaction with

the L7Ae protein may in at least some cases be
involved in the antisense regulation of gene expres-
sion in S. solfataricus. How these antisense RNAs
might function is currently unknown.

Conclusion

It is no longer feasible to think of RNA within the
narrow context of translation. The discoveries over
the past 25 years demonstrate that RNAs are ubiq-
uitous and pervasive, and capable of participating in
a large number of important biological processes. In
almost all cases the RNAs are associated with pro-
teins to form dynamic ribonucleoprotein complexes.
The structure and function of these dynamic com-
plexes depend on the ability of RNAs to form unique
inter- and intramolecular secondary (complemen-
tary base pairing) and higher order structures that in
terms of dynamic flexibility are generated generally
far beyond the range that can be achieved by struc-
turally more rigid protein complexes.

The characterization of the entries in small RNA
libraries from Sulfolobus has revealed an unexpected
number and diversity of small cellular RNAs. Many
of these RNAs exhibit some of the features of the
small interfering or micro RNAs that are found in
eukaryotes. Equally surprising was the prevalence of
the K-turn structural motif in these RNAs and their
apparent propensity to assemble with L7Ae and
probably other proteins into RNP complexes. Virtu-
ally every clone points toward novel and interesting
translational regulation, biochemistry, or physiology.
The challenge for the future will be to elucidate the
structures, compositions, and functions of these
ncRNA-containing RNP complexes and to identify
their roles in information transfer and control of
gene expression. Every indication suggests that 
our current understanding of the ncRNA world in
prokaryotic systems is only a small part of a much
larger picture that is likely to penetrate into virtually
every aspect of microbial physiology.
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Introduction

Pyrococcus furiosus is a hyperthermophilic archaeon first isolated from shallow hydrothermal marine vents near
Vulcano, Italy (Fiala & Stetter, 1986). It is an obligately anaerobic heterotroph that can grow on a variety of
glucan- and peptide-based media, generating acetate as a primary metabolic product as well as either H2 or
H2S depending on whether elemental sulfur is present. At the time of its isolation in 1986, P. furiosus was one
of few hyperthermophilic Archaea that could be grown to significant cell densities (Verhagen et al., 2001),
making it an important source of thermostable proteins and thereby emerging as a model microorganism
within this group of extremophiles. Indeed, over 600 literature citations on PubMed exist for P. furiosus to
date. The focus on P. furiosus as a model hyperthermophile was further reinforced by the availability of its
genome sequence (Robb et al., 2001). In addition, P. furiosus has been the target of a recent structural genomics
study (Adams et al., 2003) and was the first member of the Archaea to be studied by DNA microarrays (Schut
et al., 2001). The aim of this chapter is to summarize these recent developments.

The P. furiosus genome and problems
with genome annotation

P. furiosus has a small, well defined genome of 1.9Mb
comprising at least 2065 predicted genes (Robb et al.,
2001). Genome sequences of two other members of
the genus, P. horikoshii and P. abyssi, are available and
these enable issues such as genome evolution and
horizontal gene transfer to be explored (see Cohen
et al., 2003). However, the extent to which defini-
tive annotations are available for genes encoded in
these genomes or any other is difficult to gauge. In
the case of P. furiosus, the original genome annota-
tion (2065 genes) was subsequently annotated in
two public databases by the Institute for Genomic
Research (TIGR) and the National Center for
Biotechnology Information (NCBI). Remarkably,

more than 500 of the originally annotated genes
differ in size in the two databases, many very signif-
icantly (Poole et al., 2005). For example, more than
170 of the predicted proteins differ at their N-termini
by more than 25 amino acids. Similar discrepancies
were observed in the TIGR and NCBI databases with
the other archaeal and bacterial genomes examined
(Poole et al., 2005). In addition, the two databases
contain 60 (NCBI) and 221 (TIGR) genes not present
in the original annotation of P. furiosus (Poole et al.,
2005). Experimental confirmation of the precise sizes
of the genes in the P. furiosus genome is available for
only a small fraction of them. However, use of newly
available tools in transcriptomics, proteomics, and
structural genomics is allowing a better definition 
of the genome and the genes that are transcribed.
Examples of such efforts are discussed below.
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The P. furiosus transcriptome

The development of DNA microarrays to assess micro-
bial transcriptomes represented a quantum leap in
our ability to understand the genetic components 
of microbial biochemistry, physiology, and ecology.
However, it is becoming clear that meaningful differ-
ential gene expression information requires effective
experimental design, experimental technique, pro-
cessing of cellular material to obtain RNA, microarray
slide preparation and scanning, and statistical analysis
of data. These steps become more complicated in the
case of organisms such as P. furiosus, given the need to
maintain anaerobic growth conditions at high tem-
peratures and the relatively low biomass yields char-
acteristic of hyperthermophilic Archaea (Kelly, 2004).
Even with the full complement of global transcrip-
tional response information, there is the additional
challenge of sorting through such data to glean mean-
ingful insights into physiology and metabolism.
Nonetheless, transcriptomics have been utilized to
investigate P. furiosus and these have led to new per-
spectives into microbial life at extremely high temper-
atures. Table 21.1 lists experimental conditions for
which genome-wide transcriptional response infor-
mation has been collected for this organism and the
results are summarized here.

The number of genes in 
the P. furiosus genome

Transcriptome analyses using DNA microarrays con-
taining representatives of all genes that are anno-
tated in the genome provide a means of assessing

what fraction is expressed under a given growth 
condition. Hence, in peptide-grown P. furiosus at 
95°C, approximately 80% of the 2065 genes were
expressed at a detectable level (Schut et al., 2001).
In addition, DNA microarrays were used to assess the
validity of previously unannotated genes (Poole et
al., 2005). Of the 61 genes examined, 11 were
expressed in P. furiosus when the organism was
grown (on maltose or peptides) at either 95 or 72°C.
In the same study (Poole et al., 2005) a structural
genomics approach (see below) was used to assess
the validity of 54 previously unannotated genes. 
It was reasoned that artifactual genes would 
yield unfolded proteins that would be degraded in
Escherichia coli, and would also not be stable to a heat
treatment step. Seven of the 54 genes yielded 
heat-stable recombinant proteins when they were
expressed in E. coli (although only one of the seven
genes was expressed in P. furiosus). Hence, it was con-
cluded that, based on transcriptional and recombi-
nant approaches, the P. furiosus genome contains at
least 17 genes not previously recognized in the orig-
inal annotation (Poole et al., 2005).

The response of P. furiosus to growth
phase and growth rate

When examining the mechanisms underlying tran-
scriptional responses, it is important to account for
those that stem from growth phase and/or growth
rate effects rather than the stress or environmental
change that is administered. Growth-related effects
can impact data interpretation, confounding inter-
pretation of “cause-and-effect” experiments. To illus-
trate this, batch and continuous cultures of P. furiosus
were grown at 90°C on media containing maltose
and yeast extract as carbon and nitrogen sources,
respectively. For a 1.5L batch culture, samples were
taken at 5, 8, and 16 hours, corresponding to mid-
exponential, early stationary, and late stationary
phase, respectively, of batch growth. Approximately
5% of the genes in the P. furiosus genome were dif-
ferentially expressed as a function of growth phase
(see Table 21.2). Over 100 genes were differentially
expressed twofold or more during the transition from
exponential to early stationary phase. The observed
up-regulation of many genes involved in amino 
acid and thiamine biosynthesis likely reflects 
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Table 21.1 Transcriptional response experiments
with P. furiosus.

Condition Reference

Maltose ± sulfur Schut et al., 2001
Maltose/peptides Schut et al., 2003
Heat shock Shockley et al., 2003
Glucan polysaccharide Lee et al., 2006

utilization
Cold shock Weinberg et al., 2005
Growth rate Chou & Kelly, unpublished
Growth phase Chou & Kelly, unpublished
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nutrient-limiting conditions that play a role in
growth rate reduction. The gene encoding a univer-
sal stress protein (PF1557) was up-regulated 11-fold
in stationary phase; the corresponding gene in E. coli
has been observed to be an indicator of stationary
phase onset (Kvint et al., 2003). Genes responsive to
growth phase changes need to be considered when
the influence of environmental factors on the tran-
scriptome is examined.

In addition to the growth phase, growth rate can
also affect transcription. Using the growth conditions
that were used for the batch culture, P. furiosus was
grown in a chemostat at three dilution rates, 0.15
(A), 0.25 (B), and 0.45/h (C), to examine the influ-
ence of growth rate on the transcriptome (Chou &
Kelly, unpublished data). Perhaps not surprisingly,
differential gene expression was growth rate-
dependent. After each change of dilution rate (A to
B, and B to C), more than 100 genes were differen-
tially expressed twofold or more. These included
some of the same amino acid and cofactor biosyn-
thesis genes that had already been observed to be 
up-regulated in the transition from exponential 
to stationary phase in batch culture. Furthermore,
genes related to cellular repair mechanisms, such as
heat shock and DNA repair and recombination, were
higher in A-type cells, while oxidative stress genes
were highest in C-type cells. Many genes annotated
as “hypothetical,” but that encoded putative mem-
brane proteins and had signal peptides, were also
affected by changing dilution rates.

Table 21.2 illustrates the sensitivity of the P. furio-
sus transcriptome to growth phase and growth rate.
Similarly, organisms can respond to what might
appear to be minor variations in growth medium. For
example, Plate 21.1 shows a volcano plot illustrating
differential expression of genes in P. furiosus when
yeast extract was added to batch cultures growing on
tryptone. This plot reports statistical significance 
on the y-axis (−log10 p-value) and log2 fold change on
the x-axis. A total of 165 genes (95 up-regulated, 
70 down-regulated) were differentially expressed
twofold or more (Shockley & Kelly, unpublished
data). This level of differential expression was unan-
ticipated and points to the sensitivity of P. furiosus to
medium composition. For example, the results 
show that thiamine pyrophosphate biosynthesis is
required in the absence of yeast extract, based 
on genes encoding a thiamine biosynthetic 
enzyme (PF1530), phosphomethylpyrimidine kinase

(PF1333), hydroxyethylthiazole kinase (PF1335),
thiamine phosphate phosphorylase (PF1334), 
and phosphoribosylaminoimidazole carboxylase
(PF0426). Each of these enzymes has been impli-
cated in thiamine pyrophosphate biosynthesis (Rodi-
onov et al., 2002), and all were expressed at elevated
levels in cells grown with tryptone only. Two genes
(PF1337 and PF1338) were also expressed at signif-
icantly higher levels without yeast extract in the
medium. These genes are predicted to be the tran-
scriptional activator TenA but recent advances in
understanding the crystal structure of PF1337
suggest that these TenA homologs may be biosyn-
thetic enzymes (Benach et al., 2005). These exam-
ples serve to demonstrate that medium composition
must be carefully controlled if meaningful informa-
tion is to be gleaned from transcriptional responses.

The response of P. furiosus to 
the presence of elemental sulfur

The first investigation of the transcriptome of P. 
furiosus utilized DNA microarrays that contained a
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Table 21.2 Differential gene expression (more than
twofold) during batch and continuous cultures of P.
furiosus grown on maltose at 90°C.

Comparisons between different 
growth phases

8 v. 5 16 v. 8 16 v. 5
Batch hour hour hour

Genes up- 67 28 95
regulated

Genes down- 37 0 39
regulated

Comparisons between different 
growth rates

0.25 v. 0.15 v. 0.15 v.
Continuous 0.45/h 0.25/h 0.45/h

Genes up- 94 66 130
regulated

Genes down- 51 62 78
regulated
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representative subset of 271 genes (Schut et al.,
2001). These were used to investigate the effects of
elemental sulfur (S°) in cells grown at 95°C with
maltose as the carbon source. Cells were grown in
batch culture and were harvested at the same phase
of growth (mid-exponential). The 271 genes on the
array included those that are proposed to encode
proteins mainly involved in the pathways of sugar
and peptide catabolism, in the metabolism of metals,
and in the biosynthesis of various cofactors, amino
acids, and nucleotides. The expression of 21 of the
genes decreased by more than fivefold when cells
were grown with S° and, of these, 18 encoded sub-
units associated with the three different hydrogenase
enzymes in this organism (Sapra et al., 2003). The
remaining three genes encode homologs of ornithine
carbamoyltransferase and HypF, both of which
appear to be involved in hydrogenase biosynthesis,
as well as a conserved hypothetical protein. On the
other hand, two previously uncharacterized genes
(PF2025, PF2026) were up-regulated by more than
25-fold in S°-grown cells and these were proposed to
encode a novel S°-reducing, membrane-associated,
iron-sulfur cluster-containing complex (SipAB). This
complex is thought to involve a putative flavopro-
tein and a second FeS protein, as their genes were
also up-regulated in S°-grown cells. Genes encoding
homologs of proteins involved in amino acid metab-
olism were similarly up-regulated, a finding consis-
tent with the fact that growth on peptides is a
S°-dependent process. While these results repre-
sented the first derived from the application of DNA
microarrays to either an archaeon or a hyperther-
mophile, the precise mechanism by which S° is
reduced by P. furiosus and the role of the novel SipAB
complex remain unknown.

The response of P. furiosus to changes
in the primary carbon source

The first complete-genome DNA microarray to be
constructed for a hyperthermophile or a non-
halophilic archaeon contained the 2065 genes that
have been annotated in the P. furiosus genome. It was
used to determine relative transcript levels in cells
grown at 95°C with either peptides or maltose as the
primary carbon source (Schut et al., 2003). Of the
1667 genes that were expressed at a significant level,
125 of them (8%) differed in expression by more

than fivefold between the two cultures, and 82 of the
125 (65%) appeared to be part of co-regulated
operons, indicating extensive coordinate regulation.
Surprisingly, five of the 27 operons encode (con-
served) hypothetical proteins. Eighteen operons
were up-regulated in maltose-grown cells, including
those responsible for maltose transport and for the
biosynthesis of 12 amino acids as well as citric acid
cycle intermediates. Nine operons are up-regulated
in peptide-grown cells, including those encoding
enzymes involved in the production of acyl and aryl
acids and 2-ketoacids, all of which are used for
energy conservation. Consistent with this, spent
medium from peptide-grown cells was found to
contain branched-chain and aromatic acids. In addi-
tion, six nonlinked enzymes in the pathways of sugar
metabolism were regulated more than fivefold.
Three of them are unique to the unusual glycolytic
pathway and were up-regulated in maltose-grown
cells, while the other three are unique to gluconeo-
genesis and were up-regulated in peptide-grown
cells. In addition, the catalytic activities of 16 meta-
bolic enzymes, whose expression appeared to be
highly regulated in the two cell types, were meas-
ured and the results correlated very well with the
microarray data. This study demonstrated that P.
furiosus readily adapts to changes in its primary
carbon source with quite dramatic and highly coor-
dinated changes in gene expression. While many of
the responses were in accordance with known path-
ways, five of 27 highly regulated (greater than 
fivefold) operons encode primarily conserved hypo-
thetical proteins and their functions remain
unknown.

The response of P. furiosus to cold
shock and cold adaptation

Whole genome transcriptional profiling was used to
assess how gene expression differs in P. furiosus when
it is grown at 95°C, near its optimum growth tem-
perature (doubling time ∼1 hour), compared to 
72°C, the lower end of the temperature range for sig-
nificant growth (doubling time ∼5 hours) (Weinberg
et al., 2005). In addition, in separate experiments,
cultures were shocked by rapidly dropping the tem-
perature from 95 to 72°C, which resulted in a 5 hour
lag phase, during which time little growth occurred.
From the transcriptional data it was evident that cells
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undergo three very different responses to the “cold”
stress (72°C): there is an early shock response over
the first 1–2 hours, a late shock response up to 5
hours, and an adapted response that occurs when
cells are grown for many generations at 72°C. Each
of these responses involved up-regulation in the
expression of more than 30 genes, and these were
unique to that response. In general, these included
genes encoding proteins involved in translation,
solute transport, amino acid biosynthesis, and tung-
sten and intermediary carbon metabolism, as well 
as numerous conserved-hypothetical and/or mem-
brane-associated proteins. The up-regulation of
genes involved in amino acid biosynthesis by cold
shock is particularly intriguing since this occurs
when cells are either not growing (in the acclimation
phase) or growing very slowly (at 72°C rather than
95°C). Consequently, this is clearly not an example
of the general growth phase response that was dis-
cussed above, but indicates a high rate of “cold-spe-
cific” protein synthesis, independent of cell growth
and culture condition. In addition, examination by
conventional 1D-SDS gel electrophoresis of highly
washed membranes of cold-adapted cells revealed
two major membrane proteins that were not evident
in cells grown at 95°C. Unexpectedly, staining
revealed that these were glycoproteins. Mass spec-
trometric analysis of the excised gel bands showed
that the two proteins corresponded to PF0190 and
PF1408, and they were termed CipA and CipB (for
cold-induced proteins), respectively. Their cold-
induced expression was confirmed by the DNA
microarray data and by quantitative PCR. CipA and
CipB both appear to be solute-binding proteins.
While the Archaea do not contain members of the
bacterial cold shock protein (Csp) family, they all
contain homologs of CipA and CipB. These proteins
are also related phylogenetically to some cold-
responsive genes recently identified in certain Bac-
teria. It was speculated (Weinberg et al., 2005) that
the Cip proteins may represent a general prokary-
otic-type cold response mechanism, although their
function has yet to be elucidated.

The response of P. furiosus to 
heat shock

The effect of supra-optimal temperatures on gene
expression in P. furiosus was assessed using a targeted

DNA microarray that contained a representative
subset of 201 genes (Shockley et al., 2003). Their
products were known or thought to be involved in
proteolysis, stress response, proteolytic fermentation,
and glycoside hydrolysis. When a culture growing
with peptides as the carbon source was shifted from
90 to 105°C for one hour, differential expression
(fourfold or higher) of several stress genes was noted,
including the thermosome (PF1974), small heat
shock protein (PF1883), and two other putative
molecular chaperones (PF0963 and PF1882, CDC-48
homologs, VAT-related). Of the 42 protease-related
genes monitored, only two were differentially
expressed more than fivefold pyrolysin (PF0287) was
repressed, while a subtilisin-like protease (PF0688)
was induced. The two ATP-dependent proteases in P.
furiosus responded to heat shock in different ways.
The Lon protease (PF0467) was down-regulated
(threefold), and while both proteasome β-subunits
(PF0159 and PF1404) were slightly stimulated
(twofold), the α-subunit (PF1571) was repressed
(fourfold), and the proteasome ATP-dependent reg-
ulatory subunit (PAN PF0115) was not affected by
heat shock. This result raises questions concerning
20S proteasome assembly and function during
thermal stress, and cellular abundance of this
complex. Genes related to proteolytic fermentation
were among the most highly expressed under
normal growth conditions and were either not
affected or down-regulated to varying extents upon
heat shock.

Compatible solute formation under thermal stress
was indicated by the induction of genes encoding a
putative trehalose synthase (PF1742) and L-myo-
inositol 1-phosphate synthase (PF1616), the latter
result being obtained through Northern analysis.
Mannosyl glycerate formation (e.g. PF0591) was not
induced. Several glycosidase genes were significantly
induced upon heat shock (e.g. PF0073, PF0076,
PF0442), as were genes encoding maltose/trehalose-
binding proteins (e.g. PF1739 and PF1938). Saccha-
ride recruitment involving glycosidases during
thermal stress may serve to meet the increased
bioenergetic needs of the cell or be recruited for com-
patible solute synthesis. Subsequent transcriptome
analyses of heat shock using a whole genome
microarray have revealed that the response of P.
furiosus to thermal stress is a transient process,
including immediate and long-term effects. Hence,
the initial response immediately upon reaching 
105°C is significantly different from that observed at

TRANSCRIPTOMICS, PROTEOMICS, AND STRUCTURAL GENOMICS OF PYROCOCCUS FURIOSUS 243

GAR21  9/15/06  4:15 PM  Page 243



60 minutes (Shockley, 2004). Plate 21.2 shows the
changes observed 5 minutes after switching a culture
from 90 to 105°C, and indicates that the expression
of some heat shock proteins, such as the thermosome
(PF1974) and small heat shock protein (PF1983),
responds more dramatically in the early stages of
thermal stress.

Use of a P. furiosus DNA microarray to
assess species relationships

The DNA microarray representing the complete
genome of P. furiosus was used to assess its evolu-
tionary relationship to Pyrococcus woesei. Like P. furio-
sus, this organism grows optimally near 100°C and,
like P. furiosus, was isolated from a shallow marine
volcanic vent system off the coast of Vulcano Island,
Italy (Zillig et al., 1987). Hybridization of genomic
DNA from P. woesei to the DNA microarray, in com-
bination with PCR analysis, indicated that homologs
of 105 genes present in P. furiosus were absent from
the uncharacterized genome of P. woesei (Hamilton-
Brehm et al., 2005). Pulsed field electrophoresis indi-
cated that the two genomes are of comparable size
and the results were consistent with P. woesei lacking
the 105 genes found in P. furiosus. The missing genes
included one gene cluster (Mal I, PF1737-PF1751)
involved in maltose metabolism, and another
(PF0691-PF0695) whose products are thought to
remove toxic reactive nitrogen species. P. woesei, in
contrast to P. furiosus, was subsequently shown to 
be unable to utilize maltose as a carbon source for
growth, and its growth (on starch) was inhibited 
by the addition of a nitric oxide generator. In P. 
furiosus the ORF clusters not present in P. woesei are
bracketed by or close to either insertion sequences 
or long chain terminal repeats. It is, therefore, pos-
sible that P. woesei acquired more than 100 genes 
by lateral gene transfer from other organisms living
in the same thermophilic environment to produce
the type strain P. furiosus (Hamilton-Brehm et al.,
2005).

The P. furiosus proteome

P. furiosus was one of the first archaeal species whose
proteomes were examined using mass spectrometry
(MS) for protein identification, and more than 60

proteins were identified (Holden et al., 2001). More-
over, this proteomics effort was one of the first for
any prokaryote that was directed toward membrane-
bound proteins (Holden et al., 2001). Prior to the
experimental efforts, the complete genome was 
analyzed for signal peptides using the prediction 
programs SignalP, TargetP, and SOSUI, and for trans-
membrane-spanning α-helices, using TSEG, SOSUI,
and PRED-TMR2 programs. The former predicted
that 270–465 (12–21%) of the genes have signal
sequences, and that 452–563 (20–25%) have mem-
brane-spanning domains. The consensus was that
533 (24%) of the genes in P. furiosus encode proteins
located in the membrane.

To investigate the validity of these approaches, cell
extracts of P. furiosus were separated into soluble
cytoplasmic and insoluble membrane fractions and
each was analyzed by 2D-gel electrophoresis (Holden
et al., 2001). Major spots were subjected to trypsin
digestion and the peptides were identified by what is
now the standard MALDI-TOF approach, as well as
a tandem MS approach coupled with microcapillary
chromatography (µ-LC-ESI-MS/MS). A total of 32
membrane proteins and 34 cytoplasmic proteins
were identified. From the bioinformatic analyses 
it was concluded that 23 of the 32 proteins (72%)
from the membrane fraction should be membrane-
associated, and that all of the proteins from the 
cytoplasmic fraction should be in the cytoplasm. Two
membrane-associated proteins predicted to be cyto-
plasmic were also predicted to consist primarily 
of transmembrane-spanning β-sheets. On the other
hand, a predicted cytoplasmic ATPase subunit
homolog was found in the membrane fraction, and
is most likely complexed with other membrane-
bound ATPase subunits. The membrane-prediction
programs used in this study therefore appear quite
accurate when used in a consensus fashion. The P.
furiosus proteome was also utilized to systematically
compare the efficiency of the MALDI-TOF and the
µ-LC-MS/MS approaches in identifying proteins
after their separation by 2D-gel electrophoresis (Lim
et al., 2003). A total of 62 cytoplasmic proteins were
analyzed. The tandem MS approach gave better
protein sequence coverage than MALDI-TOF over a
large range of protein masses, although MALDI-TOF
identified some peptides not identified by µ-LC-
MS/MS. A combination of both techniques was rec-
ommended, and these yielded in excess of 50%
sequence coverage for all proteins identified.
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Structural genomics of P. furiosus

The concept of “structural genomics” (SG) emerged
in the post-genomic era of the late 1990s. The objec-
tive was to carry out large-scale, rapid determination
of the three-dimensional structures of proteins using
nuclear magnetic resonance (NMR) and X-ray crys-
tallography with the goal of filling structure space or,
rather, determining the structure of a representative
fold from all possible families of protein folds in the
living world (see Protein Structure Initiative, 2005).
It was estimated that approximately 5000–15,000
different structures may be necessary to cover the
estimated 1000–3000 unique folds that may be rep-
resented in living organisms, though this estimate is
often revised (Liu et al., 2004). It was recognized that
such an undertaking required extensive develop-
ment of novel high-throughput (HTP) technologies
at the levels of bioinformatics, gene cloning, 
heterologous protein expression, crystallization,
structure determination, data processing, and data
normalization and distribution. In the United States,
the National Institute of General Medical Sciences
(NIGMS/NIH) created in 2000 a five-year Protein
Structure Initiative (PSI; Protein Structure Initiative,
2005) devoted to the development of new SG tools
required for HTP production of protein structures.
Most of the resulting SG groups focused on groups
of organisms, both prokaryotic and eukaryotic, as
gene sources for protein production. At the South-
east Collaboratory for Structural Genomics (SECSG;
Southeast Collaboratory for Structural Genomics,
2005), the three target organisms were human, the
worm Caenorhabditis elegans, and P. furiosus (Adams 
et al., 2003).

The initial goal of the SG effort with P. furiosus was
to heterologously express all of its 2065 genes and to
obtain the recombinant proteins in a fully folded,
functional form. However, there would obviously be
difficulties in obtaining recombinant forms of mem-
brane proteins, proteins containing both simple and
complex cofactors (especially those not synthesized
by E. coli), and proteins which may only be stable
when co-expressed with their partners to form a
multiprotein complex. We therefore estimated that
only about 20% of genes in the complete genome
would probably be expressed as a stable, properly
folded protein, often referred to as “low-hanging
fruit” (Adams et al., 2003). This prediction so far
holds true based on the data available from multiple

SG groups (Protein Data Bank, 2005). In fact, there
is a remarkable attrition rate from gene target to
structure, which is independent of research group,
protocols used, and target list (e.g. see Acton et al.,
2005). Consequently, some attempts were made
with P. furiosus to ensure that proteins incorporate
the correct cofactor, and/or are part of multiprotein
complexes. For example, this might require growth
of the recombinant host (E. coli) in the presence 
of excess metals for certain cofactors, or the co-
expression of multiple genes to produce multiprotein
complexes. However, no special attempt was made
to produce membrane proteins.

For P. furiosus, 1909 genes have been cloned into an
expression vector containing an amino-terminal
affinity tag (MAHHHHHGS-) (Southeast Collabora-
tory for Structural Genomics, 2005). This allows
purification by immobilized metal affinity chro-
matography, as well as detection using a commercial
antibody against the affinity tag (Sugar et al., 2005).
Since screening of thousands of clones at a preparative
scale (1 liter) is prohibitive in terms of time and cost,
the initial goal was to screen heterologous protein
expression in a simple E. coli system, but in a number
of different growth conditions known to affect protein
expression, such as culture medium, temperature,
and host strain. These were screened in a small scale
(1ml) expression system (SSE) using robotics to auto-
mate screening for protein expression via the His-tag
in 96-well plates (Adams et al., 2003; Sugar et al.,
2005). To date, 2373 1-liter cultures representing
1006 unique P. furiosus genes have been grown, 575
(57%) of which have successfully expressed some
protein (as determined by SDS-polyacrylamide gel
electrophoresis after one affinity column). A total of
385 unique proteins have been purified, 259 of which
appear to be correct by mass spectrometry analysis (or
at least not degraded, or subjected to some unknown
modification in E. coli), and 240 have been submitted
for X-ray crystallography screening, 137 for NMR
screening. The results so far are indicated in Table 21.3
(Southeast Collaboratory for Structural Genomics,
2005). Current summary statistics for all SG groups
can be found at the Protein Data Bank (Protein Data
Bank, 2005), but at the time of this writing (August
2005), 89,721 targets have resulted in 54,530 clones,
11,632 purified proteins, and 1926 crystal and 782
NMR structures.

In the truly short time of five years, tremendous
strides have been made in developing HTP protocols
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for every step in the structure determination
pipeline, from bioinformatics, through cloning,
expression, screening, and protein purification, to
actual structure determination. The resulting dra-
matic reduction in time and cost for determination
of high resolution structures (at least for the 
low-hanging fruit category of proteins) makes struc-
ture determination much more accessible. All the
techniques currently in use, however, are still essen-
tially empirical in nature and no complete predictive
rules have yet emerged at any practical level in the
production scheme, though some relationships
between predictions and protein properties have
emerged (e.g. Canaves et al., 2004; Acton et al.,
2005). During the next few years the US Protein
Structure Initiative will involve several large pro-
duction centers where protein families are the
targets, not individual organisms. Smaller research-
based centers will tackle the “high-hanging fruit”
represented by membrane and post-translationally
modified proteins (Protein Structure Initiative,
2005). Consequently, the genome of P. furiosus is just
one of almost 300 genome sequences currently avail-
able that can provide homologous members of a par-
ticular protein family. The next five years will
doubtless provide even more tools, structures, and

new insights into the all-important protein folding
problem.

Conclusions

P. furiosus was isolated almost 20 years ago by Karl
Stetter and coworkers and has become arguably one
of the, if not the, best studied of the nonhalophilic
Archaea. Tremendous progress has been made in
understanding the physiology, metabolism, and bio-
chemistry of this organism, and how it responds to a
range of environmental stresses. Such studies have
been facilitated and greatly invigorated by the advent
of genome-based technologies to examine its tran-
scriptome and proteome. At present the Achilles heel
of the P. furiosus field is the absence of a genetics
system. Fortunately, there have recently been some
very encouraging developments along these lines
with other members of the Thermococcales (see Sato
et al., 2005). One can therefore confidently envision
carrying out genetic manipulations with P. furiosus at
some point in the near future to fully capitalize on
the tremendous amount of progress that has already
been made from molecular and biochemical studies
of this remarkable organism.

246 CHAPTER 21

Table 21.3 Statistics for Pyrococcus furiosus proteins from gene to structure in the structural genomics project.

Genes Express Express NMR NMR
cloned attempt success Pure Crystal Diffracts X-ray structure folded structure

1909 1106 575 385 108/259 59 29 112/137 2
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Introduction

The evolution of life on earth has resulted in three distinct types of living systems: the Eukarya and two 
distinct types of Prokarya: the Archaea and the Bacteria (Woese et al., 1990). Like the metabolic diversity
that has been found in Bacteria, the overall metabolic potential of Archaea is very versatile, ranging from
photo- and chemo-autotrophy to heterotrophy, and from fermentation to anaerobic and aerobic respiration
(Schönheit & Schäfer, 1995). Representatives of the archaeal classes that were discovered several decades ago
(methanogens, halophiles, and thermophiles) have become model organisms for studying archaeal metabo-
lism. In agreement with their monophyletic evolutionary status, Archaea harbor many unique properties
compared to Bacteria as well as Eukarya. The aim of this chapter is to recapitulate some remarkable discov-
eries on archaeal metabolism in general, and to more extensively review the well characterized archaeal gly-
colytic pathways. Comparison of the archaeal glucose catabolism with bacterial and eukaryotic counterparts
reveals several variant pathways, with unprecedented conversions, novel enzymes, and distinct regulatory
mechanisms.

Evolution of metabolic pathways

Reconstruction of metabolic pathways is an exciting
exercise that allows for speculation on the evolu-
tionary history of the route in general and of its
enzymes in particular. Initial comparative genome
studies on archaeal genomes have revealed a “con-
served archaeal core” of genes (Makarova et al.,
1999). This core, which in later studies has been
found to consist of approximately 300 clusters of
orthologous groups of proteins (COGs), mainly con-
sists of housekeeping genes involved in information
processing, many of which do not resemble bacter-
ial systems but share similarity with eukaryal coun-
terparts (Makarova & Koonin, 2003a). In addition to
this stable core, archaeal genomes were also found
to contain a “flexible shell” that is sensitive to evo-
lutionary events like lineage-specific gain and loss of
genes; the flexible shell contains the majority of the

metabolic genes, obviously reflecting the wide diver-
sity of archaeal metabolism. Based on this observa-
tion, in both Archaea and Bacteria, the evolution of
central metabolic pathways has been referred to as
“the playground of non-orthologous gene displace-
ment” (Koonin & Galperin, 2003).

Apart from relatively rare cases of real novel
inventions that obviously played an important role
in the “early evolution” of life, the “modern evolu-
tion” appears to proceed merely via the adaptations
of available polypeptides, i.e. from one function 
to another. The latter process of genomic drift is
expected to occur most frequently in the case of gene
redundancy, as a result of either a vertical (homolo-
gous) or a horizontal (heterologous) recombination
event. In the vertical process a gene duplication
results in two paralogs, one of which is stable and
maintains the original function encoded by the
ancestral gene, whereas the other is relieved from
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selective pressure and can rapidly evolve and even-
tually reach another function. In the horizontal
process a gene is introduced into a recipient genome
(which already contained a gene encoding a protein
with a similar function) via lateral transfer from a
distinct donor genome; again due to the generated
redundancy, there will be no selective pressure on
one of the resulting analogous genes, and the gene
is allowed either to be lost (when the original gene
is lost this would be an example of non-orthologous
gene replacement) or to evolve into some distinct
function. Hence, the evolution of apparent novel
functionalities is often the result of recombination
from old materials, a process that has previously
been compared to “tinkering” (Jacob, 1997), i.e.
using available leftovers and spare parts to restore or
adjust a certain function, or to create a novel one.
This phenomenon can be recognized at different
levels of complexity: (i) domains in proteins (e.g.
domains involved in ligand binding and allosteric
regulation of transcriptional regulators as well as
enzymes (Aravind & Koonin, 1999; Ettema et al.,
2002); (ii) subunits in protein complexes (e.g. sub-
units that contain crucial redox centers in complexes
involved in anaerobic or aerobic respiration; van der
Oost et al., 1994); and (iii) enzymes in pathways (e.g.
mosaic-like composition of enzymes in glycolysis;
Plate 22.1).

Apart from the development of a new function by
the sequence drift of one member of a pair of func-
tional analogs, the reverse may occur as well. In
some instances it has become clear that a single
polypeptide is responsible for more than one func-
tion (“moonlighting proteins”), replacing the simple
idea of one gene/one protein/one function (Jeffery,
1999). The function of a moonlighting protein can
vary as a consequence of changes in cellular local-
ization, cell type, oligomeric state, or the cellular
concentration of a ligand, substrate, cofactor, or
product. Several dual- and multiple-function meta-
bolic proteins have been described, including: (i) the
maltose binding protein, which is a subunit of the
high-affinity ABC-like transport system, and also
functions as a sensor of a signal transduction
pathway (chemotaxis) to control the mode of rota-
tion of the flagellum (Ehrmann et al. 1998); (ii) the
eukaryotic phosphoglucose isomerase, which not
only catalyzes the second step in glycolysis, but also
appears to function as extracellular cytokine (Jeffery,
1999); (iii) GAPDH, which is a key glycolytic

enzyme, but in Eukarya also plays a role as a poten-
tial redox-sensing subunit of a transcription regula-
tion complex that is involved in cell cycle control
(Zheng et al., 2003); and (iv) enolase, which is a gly-
colytic enzyme, as well as a subunit of the bacterial
degradasome complex responsible for RNA process-
ing/hydrolysis (Carpousis, 2001). In analogy to
GAPDH, the role of enolase in the latter complex
may be that of a regulatory switch, sensing the meta-
bolic state of the cell; glycolytic intermediates are
known to regulate the activity of this enzyme (see
also below). It is anticipated that many more exam-
ples of dual- or even multiple-function proteins will
be discovered in the course of ongoing holistic,
multidisciplinary research projects.

Archaeal metabolism

The most extensive recent overview of archaeal
metabolism has been provided by Koonin and
Galperin (2003), by means of a comparative
genomics analysis using the COG classification, with
reference to experimental verification whenever
available. Extensive comparative genomics has
revealed that non-orthologous gene displacement is
a frequently observed phenomenon at the level of
central metabolic pathways. Often, missing steps in
metabolic pathways have been the goal of directed
experimental studies. In several instances, non-
orthologous enzymes have been identified that cat-
alyze a similar metabolic conversion, most likely
reflecting a convergent evolutionary event.

It appears to be a general trend that catabolic and
anabolic pathways are well conserved in Bacteria
and Eukarya, whereas Archaea possess a relatively
high number of distinct features. Comparative
genomics analyses of archaeal genomes have
revealed many gaps in classical metabolic pathways.
Several metabolic missing links have since been
identified (Galperin & Koonin, 2000; Makarova &
Koonin, 2003b). The most remarkable examples of
unique archaeal enzymes have been reviewed by
Ettema et al. (2005), including distantly related 
or non-homologous variants of PEP carboxylase
(linking the tricarboxylic acid (TCA) cycle and the
glycolysis), aconitase (TCA cycle), the α-aminoadipic
acid (AAA) pathway (also present in yeast and some
thermophilic Bacteria), a unique shikimate synthase
(amino acid biosynthesis), and 2-methyl-4-amino-5-

248 CHAPTER 22

GAR22  9/15/06  4:22 PM  Page 248



hydroxymethylpyrimidine kinase (vitamin biosyn-
thesis). Additional features of archaeal metabolism,
such as sulfur metabolism and methanogenesis, 
are discussed in detail in Chapters 23 and 24 of this
book.

Glycolytic pathways

To illustrate the variability within the central meta-
bolic pathways of Archaea, the well characterized
example of glucose degradation is reviewed. Because
of some overview articles (Ronimus & Morgan, 2003;
Verhees et al., 2003; Sakuraba et al., 2004; Siebers et
al., 2004; Ahmed et al., 2005; Siebers & Schönheit,
2005; Snijders et al., 2006) in which the character-
istics of the archaeal glycolytic enzymes have been
discussed in great detail, we restrict ourselves here to
some remarkable features of the archaeal glycolytic
pathways, some recently gained insights, and
expected future developments.

Although some unique archaeal conversions have
been demonstrated to occur in archaeal glycolytic
pathways (Ronimus & Morgan, 2003; Verhees et al.,
2003; Siebers et al., 2004; Ahmed et al., 2005) (Fig.
22.1a), the overall series of chemical conversions
from glucose to pyruvate is generally very well con-
served in saccharolytic species of all three domains,
due to chemical and thermodynamic constraints
(Melendez-Hevia et al., 1997). However, the
enzymes catalyzing identical steps in some instances
differ dramatically; as described below, some 
spectacular examples of convergent evolution have
been identified in the glucose-degrading pathways 
of Archaea. Biochemical and genomics-based 
analyses have revealed that Archaea possess 
variants of the Embden–Meyerhof–Parnas (EMP)
and Entner–Doudoroff (ED) pathway that are 
constituted by different combinations of classical
(bacterial/eukaryal) and novel (archaeal) enzymes
(Fig. 22.1, Table 22.1). The recently gained insight in
some relevant steps of the central pentose metabo-
lism is described as well.

Embden–Meyerhof–Parnas pathway

The EMP pathway can be considered as a highway
of the central metabolism in all three domains of life.
In organisms with a versatile (saccharolytic) meta-

bolism, the pathway is bidirectional, and the com-
plete set of enzymes that catalyze the stepwise con-
versions via either glycolysis or gluconeogenesis is
present. In autotrophs and non-saccharolytic het-
erotrophs, however, the pathway is only used to
convert pyruvate (or phosphoenol pyruvate) to at
least fructose-6-phosphate; subsequently, the latter
intermediate may be further converted to ribose-5-
phosphate, an essential building block for
nucleotides and precursor of some amino acids (see
below). Examples of Archaea that appear to have an
incomplete glycolysis are the methanogens Methano-
thermobacter thermautotrophicus and Methanopyrus 
kandleri and the hyperthermophile Archaeoglobus
fulgidus VC-16; all three lack obvious homologs of
glucokinase, glucose-6-phosphate isomerase, phos-
phofructokinase, and pyruvate kinase (Verhees et al.,
2003). On the other hand, several methanogens
from the genera Methanococcus, Methanocaldococcus,
and Methanosarcina have the capacity to store carbon
as glycogen. For the degradation of this glucose
polymer they need a glycolytic pathway that starts
with the conversion of glucose or glucose-6-
phosphate; indeed, genes encoding all required
enzymes have been identified (Verhees et al., 2003).
The few organisms that do not possess the complete
set of glycolytic genes are the organisms that have
minimal-size genomes, reflecting their parasitic or
endosymbiotic lifestyle (e.g. the bacterium Rickettsia,
and the archaeon Nanoarchaeum) (Siebers & 
Schönheit, 2005).

The glycolytic enzymes that are completely con-
served in all three domains of life are triose-
phosphate isomerase (TIM), enolase, and pyruvate
kinase (PYK). The former two have a phylogenetic
pattern that resembles that of the ribosomal
sequences, with monophyletic distribution of the
archaeal sequences (Ronimus & Morgan, 2003) (Fig.
22.1a, b; Table 22.1). Pyruvate kinase has been
divided into two related subclasses, one that is
allosterically regulated and the other (present in
Archaea) that appears not to be controlled by
allosteric effectors (Schramm et al., 2000); as stated
above, PYK is not present in the non-glycogen
forming methanogens, which is in line with the
enzyme’s role in glycolysis. Interestingly, however,
analysis of modulated gene expression in P. furiosus
reveals (differential display, Robinson & Schreier,
1994; DNA microarray, Schut et al., 2003) on the one
hand a slight down-regulation of the gene encoding
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(a)

Fig. 22.1 Variation of glucose degradation and pentose production. (a) Glucose degradation in Archaea via
variants of Embden–Meyerhof (EM) and Entner–Doudoroff (ED) pathways. (b) Bacterial/eukaryal routes 
of glucose catabolism: EM, ED, and oxidative pentose phosphate (PP) pathway. (c) Pentose-phosphate
pathway/cycle in Bacteria and Eukarya. (d) Pathways that lead to the generation of ribulose-5P in Archaea.
Abbreviated metabolites are: KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; GAP,
glyceraldehyde-3-phosphate; GA, glyceraldehyde; DPG, 2,3-diphospho-glycerate; 3PG, 3-phosphoglycerate; 2PG,
2-phosphoglycerate; PEP, phosphoenolpyruvate. Numbers refer to the following enzymes: (1) GLK, glucokinase
(two types, ATP- or ADP-dependent); (2) PGI, phosphoglucose isomerase; (3) PFK, phosphofructokinase (three
types, ATP-, PPi-, or ADP-dependent); (4) FBA, fructose-1,6-bisphosphate aldolase; (5), TIM, triose-phosphate
isomerase; (6a) GAPN, non-phosphorylating GAP dehydrogenase; (6b) GAPOR, non-phosphorylating GAP
oxidoreductases; (6c) GAPDH, classical GAP dehydrogenase; (7) PGK, phosphoglycerate kinase; (8) PGM,
phosphoglycerate mutase; (9) ENO, enolase; (10) PYK, pyruvate kinase; (11) GlcDH/Glc-lac; glucose
dehydrogenase/gluconolactonase; (12) G-hydr, gluconate dehydratase; (13) KD(P)G-ald, KD(P)G-aldolase; (14)
Ald DH, glyceraldehyde dehydrogenase; (15) Gly-kin, glycerate kinase; (16) KDG-kin, KDG kinase; (17) KDPG-
ald, KDPG aldolase; (18) G6PDH/6PG-lac, glucose-6-posphate dehydrogenase/6-phospho-gluconolactonase; (19)
GlcA-kin, gluconate kinase; (20) PG-hydr, 6-phospho-gluconate kinase; (21) PG-DHDC, 6-phospho-gluconate
dehydrogenase (decarboxylase); (22) RP-epi, ribulose-5-phosphate 3-epimerase; (23) Tr.ketolase, transketolase;
(24) PEPS, PEP synthetase (see text); (25) PPDK, pyruvate phosphate dikinase (see text); (26) HPI, 3-hexulose-
6-phosphate isomerase, and HPS, 3-hexulose-6-phosphate synthase (may occur as fusion, see text); (27) R5P iso,
ribose-5-phosphate isomerase; (28) DERA, 2-deoxyribose-5-phosphate aldolase; (29) FBA, fructose
bisphosphatase.
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Fig. 22.1 Continued
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PYK, and on the other hand an up-regulation of the
gene encoding PEP synthetase. The latter would
agree very well with the isolated AMP-dependent
kinase from Pyrococcus, which was reported to cat-
alyze the ATP-yielding conversion to pyruvate
(Sakurabe et al., 1999, 2004), and would imply an
unprecedented, very efficient site of ATP generation
in pyrococcal glycolysis.

In T. tenax the interconversion of phospho-
enolpyruvate and pyruvate is catalyzed by three 
different enzymes: pyruvate kinase (PYK), phospho-
enolpyruvate synthetase (PEPS), and pyruvate 
phosphate dikinase (PPDK). Whereas PYK and PEPS
in T. tenax catalyze the unidirectional glycolytic and
gluconeogentic reaction, respectively, the PPDK cat-
alyzes the reversible interconversion of phospho-
enolpyruvate and pyruvate (ATP+Pi +pyruvate↔
AMP+PPi +PEP) (Tjaden et al., 2006). However,
recent enzymatic characterization of the recombi-
nant T. tenax PPDK suggests a glycolytic function
(Tjaden et al., 2006) in addition to a pyruvate kinase
without allosteric properties (Schramm et al., 2000).

Many examples of non-orthologous gene dis-
placements have been established for the archaeal
glycolytic enzymes: kinases (GLK and PFK), iso-
merase, aldolase, GAP oxidoreductase, and mutase
(Plate 22.1, Table 22.1). For each case, relevant fea-
tures are discussed below. It should be noted that
none of these appear to be novel inventions, but
instead result from evolutionary adjustments of sub-
strate specificity of existing enzymes.

The classical glycolytic pathway is well conserved
among Bacteria and Eukarya (Fig. 22.1b). A 
significant difference in the glycolytic pathways 
of some Euryarchaea concerns the involvement 
of ADP-dependent kinases (COG4809, “Archaeal 
ADP-dependent phosphofructokinase (ADP-
PFK)/glucokinase (ADP-GLK)”; remotely similar to
the ribokinase family, that also includes the “minor
PFK” of E. coli) (Fig. 22.1a) (Verhees et al., 2003).
Some interesting observations have been made that
may reveal some details on the evolution of this class
of enzymes. In Methanocaldococcus there is a single
gene that encodes ADP-PFK. The latter enzyme has
been reported to have a broad substrate specificity
(Sakuraba et al., 2002); a physiological role of the
proposed bifunctional ADP-GLK/PFK may be the
conversion of glucose that is the product of glycogen
hydrolysis; apart from a gene coding for a glycogen
phosphorylase, two genes potentially encoding
glucoamylase and α-amylase are linked to the cluster
encoding the ADP-kinase and the phosphoglucose
isomerase (Table 22.1). In Methanosarcina spp. two
adjacent paralogous genes are present (Verhees et al.,
2003), obviously as a result of a gene duplication; the
corresponding proteins have not yet been character-
ized. In Pyrococcus spp. and Thermococcus kodakaraensis
two specialized enzymes (ADP-GLK and ADP-PFK)
are present at distinct genomic loci; most likely they
are the result of a gene duplication, as has been
observed in Methanosarcina. Single copies of the ADP-
kinases are also encoded by the genomes of several
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Table 22.1 Phylogenetic distribution of genes involved in glucose and pentose metabolism in Archaea.

Euryarchaea Crenarchaea Bacteria

SSO 
PF (PH/ MA MT TA (STO

Enzyme Remark EC COG PAB) MJ (MM) (MK) AFU VNG (TV) SACI) APE PAE TTX TM

Embden–Meyerhof–Parnas (EMP) pathway-specific enzymes
GLK ADP/glucose 2.7.1.147 4809* 0312 1604a‡

ATP/hexose 2.7.1.2 1940 2629 0825 2091 3437 AJ510140 1469
PGI 5.3.1.9 2140 0196 0821§ (1494)

5.3.1.9 0166 1605a 1992 1419 (2281) 0768 1610 AJ621272 1385
PFK ADP 2.7.1.146 4809* 1784 1604a‡ 3562

ATP 2.7.1.11 0205 0012a 0835 0209b

PPi 2.7.1.90 Y14655a 0289
FBA 4.1.2.13 1830 1956 1585 0439 0579 0108 0683 3226 0011a AJ310483a

4.1.2.13 0191 0273

EMP and Entner–Doudoroff (ED) general enzymes
TIM 5.3.1.1 0149 1920† 1528 4607 1041a 1304 1027 0313 2592 1538 1501 AJ012066 0689a#
GAPOR Fd 1.2.7.6 2414 0464 1185 1029 AJ621330
GAPN NAD(P) 1.2.1.9 1012 (0755) (1411) (1355) (0978) (2513) (0809) 3194 (1786) Y10625
GAPDH NADP 1.2.1.13 0057 1874† 1146 1018 1009 1732 0095 1103 0528a 0171b 1740* Y10126b

NAD 1.2.1.12 0688a

PGK ADP 2.7.3.2 0126 1057† 0641 2669 1042a 1146 1216 1075 0527a 0173b 1742* Y10126b 0689a#
PGM 2,3-PG 5.4.2.1 0406 1347 2236 1374

independent 5.4.2.1 3635 1959 1612 0132 1591 1751 0413 0417 1616 2326 AJ621333 1774
5.4.2.1 0696 1887

ENO 4.2.1.11 0148 0215 0232 1672 0043 1132 1142 0882 0913 2458 0812 AJ621325 0877
PYK ADP 2.7.1.40 0469 1188 0108 3890 0324 0896a 0981 0489 0819 AF065890 0208b

PEPS AMP + Pi 2.7.9.2 0574 0043 0542 3408 1118 0710 0330 0883 0650 2423 AJ515537
2667

PPDK AMP + PPi 2.7.9.1 0608 0886 3383 AJ515538 0272

ED pathway-specific pathways
Glc DH NAD(P) 1.1.1.47 1063 0446a 0897a 3003 AJ621346 0298

3042b

Glc-lac 3.1.1.17 3041b

G-hydr 4.2.1.39 4948** 0442a 0085 3198c AJ621281c (0006)
KD(P)G ald 4.1.2.- 0329*** 0444a 0619 3197c AJ621282c

Ald DH NAD(P) 1.2.1.3 1012 (0809) (1629) ns††
Gly kin ATP 2.7.1.31 2379 0453 0666 AJ621354
KDG kin 2.7.1.45 0524 0158 3195c AJ621283c 0067c

G6P DH NAD(P) 1.1.1.49 0364 1155d

6PG-lac 3.1.1.31 0363 1154d

GlcA-kin ATP 2.7.1.12
PG-hydr 4.2.1.12 4948** (0006)
KDPG ald 4.1.2.14 0800 0066c

(Continued)
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Pentose phosphate (PP) metabolism-specific enzymes
Oxidative PP pathway
G6P DH NAD(P) 1.1.1.49 0364 1155d

6PG-lac 3.1.1.31 0363 1154d

PG DHDC 1.1.1.44 1023 (0716) (2553) (1560) (1145)
0362 0438

Non-oxidative PP pathway
R5P iso 5.3.1.6 0120 1258 1603 1683 0608 0943 2272 0878 0978 0665 1027 AJ621331

5.3.1.6 0698 1080
RP epi 5.1.3.1 0036 0680a 1718
Tr.ketolase N-term SU 2.2.1.1 3959 1688a 0679b 0617b 0299d 0583c 1929b AJ621132d 0953e

C-term SU 3958 1689a 0681b 0618b 0297d 0586c 1927b AJ621131d 0954e

Tr.aldolase 2.2.1.2 0176 0960 0616b 0295

Ribulose monophosphate pathway
PHI 5.-.-.- 0794 0220#‡‡ 1247 1384 1546 1796 0151 1940 1489 1049

249
HPS 4.1.2.- 0269 0220#‡‡ 1447§§ 4608§§ 1474§§ 1305§§ 0202 0952 1679 1521

0861¶¶

Numbering of the genes is according to www-archbac.u-psud.fr/projects/sulfolobus/. Seventeen Archaea have been clustered (based in similar genomic profiles) for the sake of clarity; the genes of
the species between brackets have not been included. For T. tenax the central carbohydrate metabolism was reconstructed by genomic and biochemical data; the respective accession numbers are
given (Siebers et al. 2004). PF, Pyrococcus furiosus (PH, Pyrococcus horikoshii; PAB, Pyrococcus abyssi); MA, Methanosarcina acetiviorans (MM, Methanosarcina mazei); MJ, Methanocaldococcus jannaschii; MT,
Methanobacterium thermoautotrophicum (MK, Methanopyrus kandleri); AFU, Archaeoglobus fulgidus VC-16; VNG, Halobacterium NRC-1; TA, Thermoplasma acidophilum; SSO, Sulfolobus solfataricus (STO,
Sulfolobus tokodaii; SACI, Sulfolobus acidocaldarius); APE, Aeropyrum pernix; PAE, Pyrobaculum aerophilum; TTX, Thermoproteus tenax. The hyperthermophilic bacterium Thermotoga maritima (TM) is
included to allow comparison of the archaeal genomes with a bacterial genome. Experimentally confirmed gene products are shown in bold. †Characterized from Pyrococcus woesei; ‡bifunctional
ADP-glucokinase/phosphofructokinase; §characterized from Methanosarcina mazei; ¶no homolog was identified in SACI; ††ns, not specified, different gene homologs for aldehyde dehydrogenase and
aldehyde oxidoreductase were identified in T. tenax (Siebers et al. 2004); ‡‡characterized from P. horikoshii; §§fused to formaldehyde-activating enzyme; ¶¶fused to demethylmenaquinone
methyltransferase. It should be stressed that the proposed gene functionality requires experimental verification; brackets indicate uncertain substrate specificity. Enzyme abbreviations are as given in
Fig. 22.1. EC, Enzyme Commission (http://www.genome.ad.jp/kegg); COG, Clusters of Orthologous Groups (http://www.ncbi.nlm.nih.gov/COG). Asterisks (*) in the COG-column indicate homology;
in the species-columns gray shading and superscript letters (a, b, c, d, e) indicate clustering of respective genes, and (#) indicates a fusion of two enzyme-encoding genes.

Table 22.1 Phylogenetic distribution of genes involved in glucose and pentose metabolism in Archaea.
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higher Eukarya (from worm to man); the ortholog
from mouse has been characterized as an ADP-
dependent glucokinase, the role of which remains to
be established (Ronimus & Morgan, 2004).

In some Crenarchaea, such as Aeropyrum pernix
and T. tenax, the first phosphorylation step in their
variant EMP pathway is catalyzed by a hexokinase-
like ATP-dependent glucokinase (ATP-GLK) with
broad substrate specificity. The enzyme is a member
of the ROK (repressor protein, open reading frame,
sugar kinase) family, which belongs to the actin-
ATPase superfamily, and harbors different archaeal
and bacterial sugar kinases, most of which have
unknown substrate specificity (Siebers & Schönheit,
2005). The phosphorylation of fructose-6-phosphate
to fructose-1,6-bisphosphate in A. pernix as well as
Desulfurococcus amylolyticus is catalyzed by an 
ATP-dependent phosphofructokinase, which belongs
to the PFK-B family of the ribokinase superfamily
(Hansen & Schönheit, 2001). In T. tenax the reaction
is catalyzed by a reversible PPi-dependent phospho-
fructokinase (PPi-PFK) (Fru 6-P+PPi ↔FBP+Pi),
which substitutes for the antagonistic enzyme couple
ATP-PFK and fructosebisphosphatase (class V)
(Siebers et al., 2004). Phylogenetic analyses revealed
that the enzyme is, like bacterial and eukaryal 
PPi-PFKs, distantly related to classical ATP-
dependent phosphofructokinases, and belongs to the
phosphofructokinase (PFK-A) family (Siebers et al.,
1998).

The regulatory sites of the classical EMP pathway
are the irreversible reactions of the route; the kinases
are allosterically regulated by a range of metabolic
effectors. Interestingly, all archaeal glucokinases,
phosphofructokinases, and pyruvate kinases that
have been characterized so far appear not to be 
regulated allosterically, meaning that the classical
control points are absent in the archaeal pathways;
the only exception is the T. acidophilum PYK, which
is stimulated by AMP (Siebers & Schönheit, 2005)
(see below, Regulation).

An archaeal-type phosphoglucose isomerase (PGI;
COG2140, “Thermophilic glucose-6-phosphate iso-
merase and related metalloenzymes”; member of the
cupin family that consists of a variety of ligand-
binding domains, and some enzymes such as the 
bacterial phosphomannose isomerase) has been iden-
tified in the Thermococcales as well as in
Archaeoglobus and Methanosarcina (Verhees et al.,
2003; Hansen et al., 2005). This PGI-type has also

been found in Bacteria (e.g. Salmonella spp.), proba-
bly introduced via horizontal transfer from Eury-
archaea (Hansen et al., 2005). Another unusual
bifunctional phosphoglucose/phosphomannose iso-
merase (PGI/PMI) has been characterized from A.
pernix, P. aerophilum, Thermoplasma acidophilum, and 
T. tenax (Hansen et al., 2004; Siebers & Schönheit,
2005). Unlike all known PGIs, the enzyme shows
similar catalytic efficiency on both substrates (glucose
6-phosphate, mannose 6-phosphate) and converts
them to fructose 6-phosphate. The enzyme belongs to
a new family within the PGI superfamily. In most sac-
charolytic organisms, including Bacteria, Eukarya, as
well as some Archaea such as Methanocaldococcus
jannaschii, Haloarcula marismortui, and Halobacterium
NRC1, a “classical” type of PGI is present (COG0166)
(Siebers & Schönheit, 2005). Recent crystallographic
and mechanistic analyses reveal that the catalytic
mechanisms of the two structurally unrelated 
PGIs, the PGI of the cupin family and the classical 
PGI, may be similar and based on an enediol 
intermediate (Berrisford et al., 2006) (Plate 22.2).

An archaeal-type aldolase (aFBPA; COG1830,
DhnA-type fructose-1,6-bis-phosphate aldolase and
related enzymes; distantly related to the E. coli DhnA
type-I fructose bisphosphate aldolase) is present in
most Archaea (Siebers et al., 2001). Although the
enzyme uses the same reaction mechanism as classi-
cal Schiff base class I enzymes, the aFBPA shows no
obvious sequence similarity to either classical class I
or metal-dependent class II FBPA, which are pre-
dominantly found in higher Eukarya and Bacteria as
well as a few unicellular Eukarya, respectively. An
archaeal phophoglycerate mutase (COG3635) was
originally predicted on the basis of distant related-
ness to bacterial counterparts (Graham et al., 2002;
van der Oost et al., 2002).

Archaea have alternative enzymes that catalyze the
oxidation of glyceraldehyde-3-phosphate (GAP) to 3-
phospho-glycerate (3PG). In the bacterial/eukaryal
system two reversible enzymes catalyze the two-step
conversion of GAP via 1,3-bisphospho-glycerate to
3PG: “classical” NAD+-/Pi-dependent GAP dehydroge-
nase (GAPDH) and phosphoglycerate kinase (PGK,
ADP-dependent, ATP generating) (Fig. 22.1b). Strik-
ingly, although the GAPDH and PGK enzyme couple is
present in all archaeal genomes sequenced so far
(Ettema et al., unpublished), biochemical and tran-
script analyses in P. furiosus (Schäfer & Schönheit,
1993; van der Oost et al., 1998; Schut et al., 2003) and
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T. tenax (Brunner et al., 1998, 2001) strongly suggest 
a gluconeogenetic function of GAPDH/PGK (Fig.
22.1a). In the archaeal glycolytic variant, a single
enzyme catalyzes the (either ferredoxin- or NAD(P)+-
dependent, non-phosphorylating, irreversible)
single-step conversion of GAP to 3PG: GAPOR
(COG2414, “Aldehyde-ferredoxin oxidireductase”)
has first been characterized in Pyrococcus furiosus, 
and GAPN (COG1012, “NAD-dependent aldehyde
dehydrogenase”) in Thermoproteus tenax (Fig. 22.1a).
Whereas GAPOR exhibited no allosteric properties,
GAPN is regulated by the energy charge of the cell and
intermediates of the central carbohydrate metabo-
lism. Interestingly, both organisms possess the genes
encoding both GAPOR and GAPN in addition to the
GAPDH/PGK enzyme couple (Table 22.1); the gene
disruption system recently developed for Thermococcus
might reveal further insights into the possible role of
these three GAP-converting enzymes, at least in the
Themococcales (see also below, Regulation).

Phylogenetic analysis of enolase (see the dendro-
gram presented by Ronimus & Morgan, 2003) shows
two paralogs of enolase in several Euryarchaea,
including the Thermococcales. One of the paralogs
clusters with the group that has been demonstrated
to encode the glycolytic enzyme. Interestingly, as
noted by Rogozin et al. (2002), the other paralog has
a conserved context: it is part of a gene cluster that
encodes proteins whose functions appear to be
directly linked to translation (ribosome structure and
biogenesis) and transcription (RNA polymerase sub-
units). It is tempting to speculate that the role of this
paralog is analogous to the aforementioned exam-
ples: enolase in the bacterial degradosome, and
GAPDH in the eukaryal histon-associated transcrip-
tion regulatory system. The Archaeal enolase-like
proteins may have lost their catalytic capacity, but
most likely have retained their allosteric sensing
mode (2-phosphoglycerate, Mg2+). The latter might
play a crucial role as a sensor of the metabolic state,
as a means to adjust the rate of transcription or 
translation.

With respect to the glycolytic energetics, the net
yield of the classical EMP pathway is 2 mole ATP per
mole glucose. In the archaeal EMP variants, in which
the enzyme couple glyceraldehyde-3-phosphate
dehydrogenase and phosphoglycerate kinase is
replaced by non-phosphorylating GAPN or GAPOR,
the formal net ATP yield is zero. Only in the hyper-
thermophile T. tenax is the calculated energy gain 1

mole ATP per mole glucose, due to the recycling of
anabolically formed PPi by the reversible PPi-PFK. PPi

is generally regarded as a waste product of the cell,
which is formed during anabolic processes (e.g. DNA
synthesis) and is directly cleaved by a cytoplasmatic
pyrophosphatase in order to drive the anabolic 
reaction. In P. furiosus two alternative sites of ATP
generation have been reported. The ATP formation
by a reversible “glycolytic” phosphoenolpyruvate
synthetase, which would imply that the yield
(ATP/glucose) of the pyrococcal glycolysis (with sub-
strate phosphorylation loss at the level of the (GAP
→3PG) conversion by glyceradehyde : ferredoxin
oxidoreductase (GAPOR), and ATP gain from AMP
at the (PEP→PYR) conversion (AMP+Pi +PEP→ATP
+PYR)) would be similar to that of the classical
pathway; indeed, the latter conclusion has previ-
ously been reported on the basis of a yield analysis
(Kengen & Stams, 1994). The longstanding debate
on this remarkable feature of the archaeal glycolysis
has recently been solved by the disruption of the pps
gene from Thermococcus kodakaraensis, which con-
firms a crucial role of PEPS in glycolysis (H. Atomi &
T. Imanaka, personal communication). In addition,
in P. furiosus the formation of H2 by a ferredoxin-
dependent hydrogenase has been demonstrated to be
coupled to proton translocation and thus to ATP syn-
thesis (Sapra et al., 2003).

Entner–Doudoroff pathway

The ED pathway is an alternative route for glucose
degradation. Whereas the classical phosphorylative
ED pathway seems to be restricted to Bacteria (Fig.
22.1b), modifications of the pathway have been
identified in all three domains of life (Fig. 22.1a, b).
The classical ED pathway is initiated by the phos-
phorylation of glucose to glucose-6-phosphate,
whereas in the modified pathways the phosphory-
lation step is shifted to the level of either 2-keto-3-
deoxygluconate (KDG) or glycerate in the semi- and
non-phosphorylative variant, respectively. Studies 
in halophilic Archaea revealed the presence of the
semi-phosphorylative ED involving KDG phospho-
rylation by KDG kinase, 2-keto-3-deoxy-6-phospho-
gluconate (KDPG) cleavage by KDPG aldolase, and
GAP oxidation via a “classical” GAP dehydrogenase
(Halobacterium saccharovorum, Halococcus saccharolyti-
cus, Haloferax volcanii). This pathway has previously
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been shown to operate in several species of Clostrid-
ium. In addition, the non-phosphorylative variant
has been proposed for the hyperthermophiles S. sol-
fataricus and T. tenax as well as the thermophile T. 
acidophilum, on the basis of metabolite analysis and
enzymatic activities in crude extracts. This variant is
characterized by direct cleavage of KDG to pyruvate
and glyceraldehyde via KDG aldolase and phospho-
rylation of glycerate via glycerate kinase. The non-
phophorylative pathway has also been reported for
several species of the fungus Aspergillus (reviewed in
Ahmed et al., 2005; Siebers & Schönheit, 2005).

A recent genomics-based approach suggested the
presence of a “branched non-phosphorylative and
semi-phosphorylative ED variant” in S. solfataricus as
well as T. tenax (Ahmed et al., 2005). This branched
ED pathway is characterized by KDG kinase, a
bifunctional KD(P)G aldolase (converting both KDG
and KDPG), and a non-phosphorylating glyceralde-
hyde-3-phosphate dehydrogenase (GAPN). Sul-
folobus solfataricus is one of the Archaea that rely on
its ED-like pathway for sugar degradation. Since 
the variant ED pathways converge with the EMP
pathway at the level of either glyceraldehyde-3-
phosphate (semi-phosphorylating) or 2-phospho-
glycerate (non-phosphorylating), the lower/C3 part
of the EMP glycolysis is present. The incomplete
upper/C6 part of the EMP pathway in S. solfataricus
and aerobic halophiles most likely plays a role in
gluconeogenesis (conversion of pyruvate to glucose-
6-phosphate; Verhees et al., 2003; Snijders et al.,
2006) (Fig. 22.1a); in halophiles (and perhaps in Sul-
folobales) some of the latter enzymes are responsible 
for fructose catabolism (reviewed in Siebers 
& Schönheit, 2005). Interestingly, the ED variant of
S. solfataricus is promiscuous for glucose and galactose
degradation (Lamble et al., 2003), whereas the
pathway seems to be specific for glucose in T. tenax
(Ahmed et al., 2005). It should be noted that Ther-
moproteus tenax is the only archaeon to date that has
been demonstrated to operate its glycolytic variants
of both the EMP and ED pathways in parallel
(Siebers et al., 2004; Ahmed et al., 2005; Siebers &
Schönheit, 2005).

The net yield of the classical ED pathway is 1 mole
ATP per mole glucose. In halophilic Archaea, which
use the semi-phosphorylative ED variant involving
the glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase enzyme couple, the calcu-
lated ATP gain is also 1 mole ATP per mole glucose.

However, when the non-phosphorylative ED path-
way (e.g. T. acidophilum), the semi-phosphorylative
ED pathway (e.g. S. solfataricus, T. tenax), or a combi-
nation of the two is operational, the energy yield is
zero (Ahmed et al., 2005) (Fig. 22.1a).

Pentose phosphate pathway

A classical oxidative pentose phosphate pathway
(PPP) is generally present in Bacteria and Eukarya,
where it is essential for the generation of reducing
power (NADPH), as well as of precursors for
nucleotide/histidine biosynthesis (ribose-5-
phosphate) and for aromatic amino acids (erythrose-
4-phosphate) (Fig. 22.1c). The PPP is divided into an
oxidative phase (OPPP) during which two molecules
of NADPH are generated, and a non-oxidative phase
(NOPPP) that results in biosynthetic building blocks
(for review see Soderberg, 2005) (Fig. 22.1c). Strik-
ingly, no orthologs of the OPPP were identified 
in archaeal genomes, with the exception of an
ortholog of 6-phosphogluconate dehydrogenase
(COG 1023) in Halobacterium sp. NRC-1 (Soderberg,
2005) (Table 22.1).

Comparative genomics-based approaches and
some biochemical studies indicate the presence of
either the NOPPP or the reversed ribulose
monophosphate pathway (RuMP) in Archaea
(Verhees et al., 2003; Soderberg, 2005) (Table 22.1).
Only in M. jannaschii do both pathways seem to be
active in parallel; in Halobacterium sp. NRC-1
orthologs of the NOPPP as well as RuMP are absent
and an alternative OPPP is proposed via a predicted
unusual enzyme to generate gluconate 6-phosphate
(Soderberg, 2005). Orthologs of the complete NOPPP
were identified in Thermoplasma acidophilum, T. volca-
nium, and M. jannaschii, and are probably responsi-
ble for the generation of pentoses as well as erythrose
4-phosphate. In most Archaea the generation of 
pentoses seems to proceed via the reversed RuMP,
which was originally described as a pathway for
formaldehyde fixation in methylotrophic Bacteria.
However, orthologs of the encoding key enzymes
were identified in Bacteria and Archaea and in some
cases the respective activities were confirmed. 
The key enzymes of the pathway are 3-hexulose-6-
phosphate isomerase (PHI; catalyzing the isomeriza-
tion of fructose 6-phosphate to 3-hexulose-6-
phosphate) and 3-hexulose-6-phosphate synthase
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(HPS; forming ribulose-5-phosphate and formalde-
hyde). In contrast to the NOPPP no erythrose-4-
phosphate is generated by the RuMP. An interesting
observation is the fusion (hps-phi) of the responsible
genes in the Thermococcales, and in the bacterium
Methylococcus capsulatus. The HPS-PHI fusion protein
from Pyrococcus horikoshii has been characterized and
proposed to be involved in the fixation of formalde-
hyde via the RuMP pathway, as in methylotrophic
bacteria (Orita et al., 2005). In addition, fusions to
the formaldehyde-activating enzyme (e.g. M. jan-
naschii, A. fulgidus) or fusions to demethyl-
menaquinone methyltransferase (e.g. A. fulgidus) are
found (see Table 22.1). However, the reversed con-
version of fructose-6-phosphate to ribulose-5-phos-
phate has also been demonstrated (Fig. 22.1d), albeit
that under the conditions used this reaction appeared
less efficient than the forward reaction; genetic
analyses should be applied to definitely demonstrate
the role of the reversed RuMP pathway in the syn-
thesis of pentoses as the precursor of nucleotides and
amino acids in Archaea.

In some Archaea (P. abysii, A. pernix, P. aerophilum,
S. solfataricus) the precursor for aromatic amino acids,
erythrose 4-phosphate, has been proposed to be
formed from fructose 6-phosphate and glyceralde-
hyde 3-phosphate by transketolase (incomplete
NOPPP) (Verhees et al., 2003). Interestingly, the
presence of transketolase in Archaea correlates with
the need for erythrose 4-phosphate as precursor in
aromatic amino acid biosynthesis. In Archaea that
utilize the classical erythrose 4-phosphate-
dependent chorismate pathway, orthologs of trans-
ketolase (N- and C-terminal subunit; COG
3959/3958) were identified. On the other hand,
some Archaea have recently been demonstrated to
use a novel erythrose 4-phosphate-independent cho-
rismate pathway, which differs in the initial steps of
3-dehydroquinate formation (Tumbula et al., 1997;
White, 2004); indeed, the transketolase genes are
missing in these organisms (M. kandleri, M. ther-
moautotrophicum, A. fulgidus, M. acetivorans) (Verhees
et al., 2003; Soderberg, 2005) (Table 22.1).

Another metabolic link between the central 
carbohydrate metabolism and (deoxy)nucleosides
biosynthesis/degradation pathways in Bacteria and
Eukarya is established via phosphopentomutase
(COG1109) and 2-deoxyribose-5-phosphate aldolase
(DeoC/DERA; COG0274). Homologs were identified
in some Archaea, and recently the two enzymes 

from T. kodakaraensis were characterized (Rashid 
et al., 2004). Nucleoside phosphorylases release 
the pentose moiety ((deoxy)ribose-1-P) from
(deoxy)ribonucleosides, after which phosphopento-
mutase catalyzes the isomerization to (deoxy)ribose-
5-phosphate, and subsequently DERA converts the
latter to glyceraldehyde-3-phosphate and acetalde-
hyde. The pathway is reversible and a function in
catabolism and biosynthesis has been proposed
(Rashid et al., 2004).

Regulation of 
carbohydrate metabolism

Regulation of metabolism in Bacteria and Eukarya is
executed at all levels: DNA (transcription initiation),
RNA (transcription elongation, attenuation), and
protein (post-translational modification, allosteric
regulation). Regulation at protein/enzyme level is
certainly expected to be commonly present in
Archaea, based on protein domains that are involved
in allosteric regulation (ACT, RAM) (Aravind &
Koonin, 1999; Ettema et al., 2002). However, in one
of the few well characterized archaeal metabolic
pathways, the aforementioned EMP pathway, regu-
lation by metabolic effectors is rare as compared to
the glycolytic enzymes in Bacteria and Eukarya
(Verhees et al., 2003; Siebers & Schönheit, 2005).

The classical regulation sites of the EMP path-
way are the irreversible reactions catalyzed by the
antagonistic enzyme couples: hexokinases/glucose-
6-phosphatase (Eukarya), phosphofructokinase/
fructose-1,6-bisphosphatase and pyruvate kinase/
phosphoenolepyruvate synthetase. Archaeal kinases,
such as ADP- and ATP-dependent glucokinases,
ADP-, ATP-, and PPi-dependent phosphofructo-
kinases, and pyruvate kinase, with the only excep-
tion being the AMP-stimulated pyruvate kinase of 
T. acidophilum, exhibit no allosteric properties and
thus the classical control sites seem to be absent in
Archaea (Siebers & Schönheit, 2005). The only gly-
colytic enzyme identified so far that is under
allosteric control is the non-phophorylating GAPN.
GAPN has an important function in the regulation of
the EMP variant of T. tenax (Brunner et al., 1998,
2001; Lorentzen et al., 2004), as well as the semi-
phosphorylative ED pathway of S. solfataricus
(Ahmed et al., 2005; Ettema et al., in preparation).
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In addition, a second control point seems to emerge
at the level of phosphoenolpyruvate/pyruvate inter-
conversion by PEPS, PYK, and PPDK in T. tenax
(Tjaden et al., 2006).

Regulation at translational level (attenuation,
anti-termination) has not yet been demonstrated in
Archaea. A relatively important site of regulation of
archaeal metabolism appears to be at transcriptional
level. After the finding that the archaeal transcrip-
tion machinery is not like the bacterial system (four
subunit RNA polymerase (RNAP) and a series of
Sigma factors that interact with specific −10/−35 pro-
moter elements), but instead resembles the core of
the eukaryal PolII system (10–12 subunit RNAP,
TATA-binding protein (TBP) and transcription factor
B (TFB)) (Bell, 2005), different types of tran-
scriptional regulators have been identified in
Archaea:
1 Bacterial-like regulators that often block tran-
scription initiation by competing with the transcrip-
tion factors (TBP, TFB) or the RNAP for their
respective binding site (e.g. Lrp-like regulators)
(Brinkman et al., 2000, 2003); bacterial-like activa-
tors have also been described, that stimulate the for-
mation of the TBP-TFB-RNAP-promoter complex by
affecting the DNA structure, by a direct interaction,
or via an additional bridging protein (see below).
2 Eukaryal-like regulators are not abundant, but
interestingly one has been reported to be present 
in all archaeal genomes, the multi-protein bridging
factor (MBF) (Makarova & Koonin, 2003a); whereas
the function of eukaryal MBF is to connect tran-
scriptional regulators (generally containing bZIP-
type leucine zipper domains) with the pre-initiation
complex (TBP-TFB-RNAP), the role of the archaeal
MBF is currently under investigation.
3 Unique archaeal regulators, such as the transcrip-
tional activator of gas vesicle formation in haloar-
chaea (GvpE), a proposed leucine zipper that has no
obvious homolog in Bacteria and Eukarya (Kruger 
et al., 1998).

Recently a few archaeal functional genomics
studies have been published (reviewed by van der
Oost et al., 2006). In a few studies the control of 
glycolysis has been addressed. Microarray analysis 

in Pyrococcus furiosus reveals coexpression of genes
encoding the glycolytic EMP enzymes, as well as key
enzymes of amino acid biosynthesis during growth
on maltose; growth on peptides induces the expres-
sion of genes that code for gluconeogenetic enzymes
(Schut et al., 2003; reviewed by Verhees et al., 2003).
Surprisingly, however, a combined microarray/pro-
teomics study in Sulfolobus solfataricus indicated sig-
nificantly less fluctuation (Snijders et al., 2006).

The DNA microarray analysis of Pyrococcus suggests
coregulation of the expression of the EMP genes. A
careful analysis of the promoter regions of P. furiosus
indeed reveals a conserved palindromic site between
the TATA box and the translation start site. This site
is missing in the corresponding promoters in Pyrococ-
cus abyssi and P. horikoshii, but was found to be
present in the promoter regions of all glycolytic genes
in Thermococcus kodakaraensis (van de Werken et al.,
2006). Interestingly, in both P. furiosus and T.
kodakaraensis, the domain is present downstream 
the TATA box of the pps gene encoding PEP syn-
thetase, but not of the pyk gene; this again is in agree-
ment with a role of PEPS in the glycolysis in the
Thermococcales. The glycolytic regulatory protein
still remains to be identified. Recently, Lee et al.
(2005) reported on a sugar-sensing regulator (TrmB)
that differentially controls the expression of the
genes encoding two ABC-type sugar transporters in
P. furiosus and Thermococcus litoralis. A link with the
glycolysis, although tempting, has not yet been
made.

Conclusions

We have described some examples of mosaicity and
non-homologous gene replacement in the well char-
acterized archaeal glycolytic pathways. The unravel-
ing of the complete metabolic network is anticipated
to occur much more efficiently in the near future,
due to implementation of holistic, genomics-based
technology. It will be exciting to see whether the
pathway mosaicity described here is a general phe-
nomenon, and to find that tinkering of metabolism
is a not an exception but a rule.
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Introduction

Oxidation and reduction of inorganic sulfur compounds (ISCs) was associated with the Archaea from the
start: one of the three – physiologically defined – groups of prokaryotes in the newly created urkingdom was
the so-called “thermophilic and sulfur-dependent Archaebacteria” (Woese et al., 1978; Huber et al., 2002).
Sulfur metabolism became soon a hallmark of (hyper-) thermophiles and of the Archaea, from both the Cren-
archaeota and Euryarchaeota kingdoms: the first hyperthermophilic isolate, Sulfolobus acidocaldarius, and also
the first organism growing optimally above the boiling point of water, Pyrodictium occultum, were sulfur-
dependent Crenarchaeota (Brock et al., 1972; Stetter, 1982). In particular the reduction of elemental sulfur
(S°) is one of the most common physiological properties (Table 23.1; Amend & Shock, 2001), which is not
surprising given the abundance of sulfur in volcanic environments. This chapter covers the current knowl-
edge of the physiology and biochemistry of dissimilatory sulfur metabolism in Archaea, i.e. reactions used
for energy conservation. I do not describe assimilatory reactions used for synthesis of cell proteins and cofac-
tors (see, for example, Chapter 18 in this volume).

Sulfur (geo-) chemistry and
physiology of sulfur-dependent

Archaea

Geochemistry and physiology

Sulfur is the fourteenth most abundant element in
the earth’s crust. The bulk consists of sulfidic metal
ores or sulfate sediments (Middelburg, 2000). S° and
ISCs are also prevalent in volcanic exhalations and
can amount to up to 10% of the dry volume. Their
main constituents are water vapor (usually 60–90%;
Plate 23.1) and CO2 (90% of the dry volume). SO2

is the most abundant sulfur species; however, the
proportion of SO2, SO3, H2S, and S° varies (Stoiber,
1995). SO2 and SO3 are characteristic for exhalations
from water intrusions reacting with magma and
overheated igneous rocks. H2S dominates in evolved

terrestrial hydrothermal fields and submarine vents.
Elemental sulfur is deposited from H2S following air
oxidation or comproportionation with SO2.

Sulfate is the predominant sulfur species and the
second most abundant anion in seawater (Middel-
burg, 2000). Mixing of superheated, H2S-reduced
hydrothermal fluids with cold, oxidized seawater in
deep-sea hydrothermal vents results in the formation
of the spectacular “black” or “white smokers” (Han-
nington et al., 1995). The smoker chimneys consist of
metal sulfides, sulfates, and silica. Their porous walls
are loaded with hyperthermophilic methanogens,
sulfate and S° reducers. The microorganisms are strat-
ified into in several temperature zones within the
chimney walls according to their optimal growth con-
ditions (Reysenbach & Cady, 2001).

Anaerobic enrichment cultures with organic
carbon sources and S° poised to a near-neutral pH
(5–8) will result in the growth of Pyrococcus or 
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Thermococcus-like organisms, which are easily iso-
lated. Others like Pyrodictium and Thermoproteus are
chemolithoautotrophs: redox reactions of inorganic
substances are the sources of energy and reducing
equivalents. The oxidation of H2, which is a natural
component of volcanic gasses, with sulfur as electron
acceptor is probably the most common energy-
yielding process (Stetter, 1999; Amend & Shock,
2001). The carbon source is CO2. Most sulfur metab-
olizers are anaerobes; others use O2 as an electron
acceptor, sometimes in concentrations as low as 10
ppm (Stetter, 1999).

Solfataras are the typical habitats of sulfur-
oxidizing hyperthermophiles. They are mostly small,
steam-heated pools of boiling surface water or mud,
named after the Solfatara caldera near Naples, Italy.
The cell densities are sometimes in excess of 1×
108/ml; the pH values are between 1 and 4 and will
lower with increasing cell densities due to the micro-

bial sulfuric acid production. Most of the cells in
these habitats show a uniform morphology: lobed,
irregular cocci of 1–2µm in diameter, growing aero-
bically or anaerobically. These are Sulfolobales, 
six different genera of Crenarchaeota (Huber &
Prangishvili, 2005). Species of the genus Sulfolobus
are characterized by aerobic growth and a high 
metabolic versatility. Stygiolobus species are obligatory
anaerobic chemolithoautotrophic sulfur reducers.
Acidianus and Metallosphaera are facultative anaer-
obes and facultative heterotrophs, which also grow,
like Sulfolobus metallicus, by oxidation of metal sul-
fides. They contribute to bioleaching of base and pre-
cious metal ores and to the formation of acidic
drainage downstream of mines and slag heaps (Table
23.1; Huber & Prangishvili, 2005).

The first reports on non-thermophilic sulfur-
dependent Archaea appeared only recently: a
halophilic, heterotrophic, and sulfur-respiring strain,
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Table 23.1 Electron donors, acceptors, and growth products of sulfur-dependent archaeal genera.

Electron donor(s) Electron acceptor Product(s) Genera

H2 S° H2S Acidianus, Caldivirga, Ignicoccus, Metallosphaera, 
Pyrobaculum, Pyrodictium, Sulfurisphaera, Stygiolobus, 
Thermocladium, Thermoproteus

H2 S2O3
2− H2S Archaeoglobus, Ferroglobus, Pyrobaculum, Pyrodictium

H2 HSO3
− H2S Pyrobaculum

H2 SO4
2− H2O Archaeoglobus

H2 O2 H2O Acidianus, Metallosphaera, Pyrobaculum, Sulfolobus
Organics S° H2S Acidilobus, Caldisphaera, Caldivirga, Desulfurococcus,

Hyperthermus, Palaeococcus, Pyrobaculum, Pyrococcus,
Staphylothermus, Stetteria, Thermococcus, Thermophilum,
Thermoplasma, Thermoproteus, Vulcanisaeta

Organics S2O3
2− H2S Archaeoglobus, Caldivirga, Pyrobaculum, Pyrodictium, 

Pyrolobus, Thermocladium, Vulcanisaeta
Organics HSO3

− H2S Archaeoglobus, Pyrobaculum, Pyrodictium
Organics SO4

2− H2S Archaeoglobus, Caldivirga
Organics H+ H2 Pyrococcus
S° O2 SO4

2− Acidianus, Metallosphaera, Sulfolobus
MeS, MeS2 O2 Men+SO4

2− Acidianus, Metallosphaera, Sulfolobus
S2O3

2− O2 S4O6
2− Natronorubrum

S2O3
2− O2 SO4

2− Aeropyrum
S4O6

2− O2 SO4
2− Sulfolobus

H2S NO3
− S°, NO2

−, NO Ferroglobus

Compiled from Stetter (1999), Amend & Shock (2001), and the abstracts accessible via the taxonomy browser in
Pubmed (www.ncbi.nih.gov).
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named Haloferax sulfurifontis, was isolated from a
sulfur-rich spring in Oklahoma (USA; Elshahed et al.,
2004). An extremely halophilic Natronorubrum strain
(4M NaCl) was isolated from neutral hypersaline
lakes in Altai (Russia). It oxidized thiosulfate to
tetrathionate, which was subsequently oxidized to
sulfate by an extremely halophilic, chemolithoau-
totrophic bacterium isolated from the same source
(Sorokin et al., 2005).

Inorganic chemistry

Sulfur is an element with a complex inorganic chem-
istry. S° is almost insoluble in water (5µ/l at 25°C,
solubilities at higher temperatures are unknown;
Boulegue, 1978). The oxidation state may adopt any
value between −2 and +6; however, biologically rel-
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Fig. 23.1 The biological sulfur cycle shown by enzyme reactions involving inorganic sulfur compounds. Enzymes
(cofactors in brackets): 1, polysulfide reductase (Mo/FeS/heme); 2, sulfur reductase (Mo/FeS); 3, sulfide:quinone
oxidoreductase (flavin) or sulfide:cytochrome c oxidoreductase (flavin, heme); 4, sulfur oxygenase (GSH); 5,
sulfite:acceptor oxidoreductase (Mo/FeS, acceptor is mostly cytochrome c, in some cases quinones) or sulfite
oxidase (Mo, heme); 6, ATP sulfurylase; 7, ATP sulfurylase or adenylylsulfate:phosphate adenylyltransferase
(APAT); 8, adenylylsulfate (APS) reductase (FAD/FeS); 9, sulfite reductase (siroheme, FeS); 10, tetrathionate
reductase (Mo/FeS); 11, thiosulfate:acceptor oxidoreductase; 12, Sox complex (Mo, Mn, heme); 13, sulfur
oxygenase reductase (Fe); 14, thiosulfate reductase (Mo/FeS); 15, tetrathionate hydrolase (there is also a
trithionate hydrolase in addition); 16, O-acetylserin or O-phosphoserine sulfhydrolases (pyridoxal-5′-phosphate);
17, cysteine desulfurase (pyridoxal-5′-phosphate). Gray circles denote disproportionation reactions. Reactions of
phosphoadenosinphosphosulfate formation and reduction and of cysteine breakdown are omitted. (Compiled
from Takakuwa, 1992, and other references cited in the text.)

evant are H2S, polysulfides, metal sulfides (MeS and
MeS2), S°, and the sulfur oxyanions sulfite, thiosul-
fate, polythionates, and sulfate (Table 23.2, Fig. 23.1;
Roy & Trudinger, 1970). The high enthalpy of S–S
bond formation as in S8 (264kJ/mol) has the conse-
quence that numerous sulfur compounds form 
reactive homoatomic chains and rings. Thus, many
reactions of ISCs will occur non-enzymically
(Steudel, 2000). Some examples:
• The nucleophile HS− reacts with S° to soluble poly-
sulfides at pH >5 (Table 23.2, eqn 23.1; Schauder &
Kröger, 1993), S° and polysulfides react in a similar
manner with thiols forming organic sulfane chains
(eqn 23.2).
• S° disproportionates to thiosulfate and HS− in
neutral and alkaline aqueous solutions catalyzed by
hydroxyl ions (eqn 23.3; Kletzin, 1989; Steudel,
2000).
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Table 23.2 Biologically relevant inorganic sulfur compounds and non-enzymic reactions of ISCs.

Sulfur species Formula* S oxidation state Eqn no. Non-enzymic reaction

(Metal) Sulfides HS−, [MeS] −2 –
[MeS2]† −1 –

Polysulfides HS-Sn-S
−‡ −1 and 0 23.1 Polysulfide formation§

Organic thiols R-SH −1 23.2 Organic sulfane formation

Sulfur S8 0 23.3 S° disproportionation§

Sulfite HSO3
− +4 23.4 Thiosulfate formation§

Polythionates O3S-Sn-SO3
2−¶ +5 and 0 23.5 Disproportionation

Thiosulfate S-SO3
2− +6 and −2 See eqns 23.3 and 23.4

Sulfate SO4
2− +6

*Predominant dissociation state at pH 7; †pure or mixed metal sulfides, e.g. FeS2, CuFeS2; ‡n = 2–3; §pH at T ≥ 75 °C; ¶n ≤ 50.
Source: Roy and Trudinger (1970), Takakuwa (1992), Steudel (2000).
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• Aqueous sulfite solutions incubated with S° at
higher temperatures will form thiosulfate (eqn 23.4).
In contrast, thiosulfate decomposes at pH <4 rapidly
to sulfite and S° (Roy & Trudinger, 1970; Kletzin,
1989; Steudel, 2000).
• Polythionates can accumulate at acidic pH and to
chain lengths up to 50 S. Reductants and/or a pH ≥6
will cause decomposition into thiosulfate, sulfite, and
sulfur (eqn 23.5; Steudel, 2000).
For reasons of this complexity it is important to
understand the behavior of ISCs under the condi-
tions in which hyperthermophilic microorganisms
will thrive. Many intermediates react rapidly to the
thermodynamically most stable product, impairing
the interpretation of enzyme assays and other bio-
chemical measurements and cultivation in defined
media. For example, reports claiming to grow ther-
moacidophiles on thiosulfate (e.g. Sun et al., 2003)
should therefore be regarded with care, as the result-
ing substrate might have been S° (eqn 23.4).

Dissimilatory sulfate and 
sulfite reduction: Archaeoglobus

and Pyrobaculum

Archaeal model organisms for dissimilatory sulfate
reduction are Archaeoglobus spp. and Pyrobaculum
islandicum (Dahl et al., 2001; Dahl & Trüper, 2001;
Sperling et al., 2001). These organisms use organic
substrates and/or H2 as electron donors to reduce
sulfate, thiosulfate, or sulfite to H2S. The steps of dis-
similatory and assimilatory sulfate reduction are the
same, with the only difference being that the dis-
similatory reactions are fully reversible and can be
used for ISC oxidation (Fig. 23.1). Three enzymes are
required (eqns 23.6–23.8), which have been purified
from Ag. fulgidus and are localized in the cytoplasm.
Therefore sulfate must be transported into the cell, a
process that has not been studied in Archaea (Dahl
& Trüper, 2001; Sperling et al., 2001).

ATP sulfurylase
ATP + SO4

2− ↔ APS + PPi

(eqn 23.6)

Adenylylsulfate (APS) reductase
APS + 2e− + H+ ↔ AMP + HSO3

−

(eqn 23.7)

Sulfite reductase
HSO3

− + 6e− + 6H+ ↔ HS− + 3H2O
(eqn 23.8)

ATP sulfurylases or, more correctly, ATP:sulfate
adenylyltransferases (eqn 23.6) are key enzymes
in sulfate reduction, which fall into two unrelated
classes. Most are homooligomeric like the Archaeo-
globus enzyme and have subunits of 41–69kDa,
while the heterodimeric enzymes consist of 27 and
62kDa subunits and are exclusively assimilatory (e.g.
from E. coli; Sperling et al., 2001). Crystal structures
are available from three assimilatory and one dis-
similatory ATP sulfurylase from Bacteria, all of the
homooligomeric type. There is a difference between
the enzymes from mesophiles and thermophiles and
not between Archaea and Bacteria: the Thermus ATP
sulfurylase contained a zinc site, which is supposed
to be stabilizing against thermal denaturation
(Taguchi et al., 2004). The coordinating residues are
conserved in all homologs from hyperthermophiles
supporting this notion.

Dissimilatory APS reductases (eqn 23.7) are
bidirectional FAD and iron–sulfur (FeS) cluster-
containing enzymes with a molecular mass of
approximately 90,000 (Dahl & Trüper, 2001). The
larger FAD-containing α-subunit is paralogous to the
flavoprotein subunit of succinate dehydrogenases
(SDH). The smaller FeS subunits are not homologous
and contain two FeS clusters in the APS reductase
and three in SDH. The Archaeoglobus enzyme became
an important model for the homologous enzymes of
SRB and sulfur-oxidizing bacteria. Their spectro-
scopic properties (EPR and UV/Vis) are virtually
identical (Plate 23.2; Fritz et al., 2002a). Thus, the
redox cofactors appear to be embedded into a con-
served protein matrix.

The three-dimensional structure of the
Archaeoglobus enzyme showed that the flavin is
located at the bottom of a deep pocket of the large
subunit, providing access for the substrates and prod-
ucts (Plate 23.2; Fritz et al., 2002b). The [4Fe–4S]
cluster I located in the small subunit is deeply buried
in the protein matrix in close proximity to the FAD,
whereas [4Fe–4S] cluster II lies at the surface of the
protein and may interact with the still unknown
physiological electron donor/acceptor (Plate 23.2).
Cluster I showed a reduction potential of −57mV,
cluster II of −520mV, thus differing by 460mV,
whereas the FAD showed a potential of about 
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+50mV (Fritz et al., 2002a). Upon incubation 
with AMP and sulfite a rather broad radical signal
appeared, indicating the interaction of a flavo-
semiquinone with another paramagnet, most likely
cluster I. The results allowed the unraveling of the
reaction mechanism of the APS reductases, showing
that an FAD N(5)-sulfite adduct is the intermediate
during both the oxidative and the reductive reactions
(Plate 23.2).

Dissimilatory, siroheme-containing sulfite
reductases (DSRs, eqn 23.8) catalyze the six-
electron reduction from sulfite to sulfide. They are
present in all anaerobic sulfate or sulfite reducers and
in some sulfide-oxidizing bacteria (Kappler & Dahl,
2001). Archaeal DSRs were purified from Ag. fulgidus
and Pb. islandicum (Dahl & Trüper, 2001; Dahl et al.,
2001). The core enzymes consist of two different sub-
units in an α2β2 structure (Kappler & Dahl, 2001).
The dsrA and dsrB genes have similar sizes, are adja-
cent to each other in genomes, and show distant sim-
ilarity, suggesting that they probably arose from a
gene duplication event (∼30% amino acid identity
between Ag. fulgidus DsrA and B). The enzymes are
remarkably conserved between Ag. fulgidus and
Desulfovibrio vulgaris (∼60% identity in both subunits;
Dahl & Trüper, 2001). Additional small subunits are
encoded in archaeal dsr operons. The function is
unknown and not even the resolution of the three-
dimensional structures of two of these small subunits
solved this problem (Mander et al., 2005).

The siroheme, which also occurs in the paralogous
nitrite reductases (NirB), is a complex cofactor con-
sisting of a heme molecule and an electronically
coupled [4Fe–4S] cluster. The thiol sulfur of a bridging
cysteine is the axial ligand of the heme iron and one of
the ligands of the [4Fe–4S] cluster. The distal side of
the heme iron is poised to bind the substrate and does
not have a protein ligand. The available three-dimen-
sional structures of assimilatory sulfite reductases
revealed the siroheme geometry, but they belong to a
family with a different domain structure compared to
the Archaeoglobus enzyme (Schnell et al., 2005).

The Archaeoglobus DSR contained 2mol/mol siro-
heme per heterotetramer as indicated by UV/Vis
spectra. The quantitation of iron gave 22–24mol/
mol, of acid-labile sulfur 20mol/mol heterotetramer,
respectively. The dissimilatory DSRs thus have, com-
pared to the E. coli assimilatory enzyme, numerous
additional cysteine residues in their amino acid
sequences (in both DsrA and B), which could coordi-
nate a minimum of six FeS clusters in the α2β2 het-

erotetramer in agreement with the iron quantitation.
Two of them are part of the siroheme, leaving four
clusters to create one or two intramolecular cluster
chain(s) as found in the APS reductase (Plate 23.2;
Dahl & Trüper, 2001). The in vivo electron donor and
the mechanism of action are not fully resolved.

A novel DSR with different domain composition
and cofactor specificity was recently isolated from
Methanocaldococcus jannaschii (Johnson & Mukhopad-
hyay, 2005). Mc. jannaschii and Methanothermobacter
thermoautotrophicus grew in the presence of sulfite as
the sole sulfur source, although it is commonly toxic
to methanogens. A 620aa protein encoded in the
genome had an N-terminal F420 dehydrogenase and
a C-terminal DsrA domain. The purified protein was
an oxygen-sensitive F420-dependent sulfite reductase
containing siroheme. Homologs were exclusively
found in genomes of other strictly hydrogenotrophic
and sulfite-resistant thermophilic methanogens. It is
believed that the function of this novel enzyme is in
sulfite detoxification and in assimilatory sulfite
reduction.

Anaerobic sulfur reduction:
Pyrococcus, Pyrodictium, 

and Acidianus

The reduction of S° coupled to the oxidation of
organic compounds or molecular hydrogen is the
most common pathway of energy metabolism in
hyperthermophilic Archaea (Table 23.1; Stetter, 1999;
Amend & Shock, 2001). Several metabolic types with
S° as electron acceptor can be distinguished:
1 Many fermentatively growing heterotrophs
require the addition of S° to the media. The main
products are small organic compounds like acetate or
alanine. H2S is produced in the presence and H2 in
the absence of S° (Adams et al., 2001).
2 Some Archaea oxidize organic substrates com-
pletely to CO2 and depend on membrane-bound
electron transport chains with S° as the terminal
electron acceptor (Stetter, 1999).
3 Numerous S° reducers gain energy from H2 oxida-
tion; ATP and reduction equivalents are used for CO2

fixation (eqn 23.9).

H2 + S° → H2S
(or HS−, depending on the pH)

(eqn 23.9)
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4 Some methanogens like Methanopyrus and
Methanobacterium produce significant amounts of H2S
when grown in the presence of S° (Stetter & Gaag,
1983).

Anaerobic heterotrophic sulfur 
and proton reduction

Pyrococcus and Thermococcus species are easily
enriched and grow fast with doubling times some-
times below 40 minutes. Many are sufficiently aero-
tolerant to be cultured without special precautions.
Pc. furiosus has been studied as a model organism in
great detail; however, several paradoxes remain. It
ferments peptides as the optimal substrate, maltose,
or both and requires the addition of S° to the
medium when it grows on peptides alone, an obser-
vation that is also true for other Pyrococcus species
(Adams et al., 2001). In contrast, the addition of S°
to cells growing in maltose medium resulted in H2S
formation but had no beneficial effect on growth
rates. Three different soluble proteins with S-
reducing activity were purified from Pc. furiosus. All
had other activities and none was the major S°-
reducing enzyme in peptide-grown cells or was
coupled to electron transport phosphorylation. Two
of these enzymes were hydrogenases with additional
S° or polysulfide reductase activity using H2 or
NADPH as electron donors (sulfhydrogenases; Ma &
Adams, 2001). The third enzyme was a ferre-
doxin:NADP oxidoreductase with a broad substrate
range, which oxidizes and/or reduces many different
substrates, including FAD, polysulfides, NAD(P)(H),
and O2 (Ma & Adams, 1994). Paradoxically, their spe-
cific activities increased in response to the addition
of maltose but not of S° to the medium (Adams et
al., 2001).

A third hydrogenase from Pc. furiosus was mem-
brane-bound and did not reduce S° or polysulfides
(MBH; Sapra et al., 2003). MBH activities increased
even more in the presence of maltose and the
absence of S° (Adams et al., 2001). The MBH is part
of a membrane-bound complex, which couples fer-
mentation to proton translocation over the mem-
brane driven by proton reduction with ferredoxin as
electron donor. It constitutes a novel, simple, and so
far unique type of anaerobic electron transport chain
present in a single complex, resolving the question
of energy conservation in Pyrococcus cells growing 
in the absence of S° (Sapra et al., 2003). It is still

unknown whether S° reduction is coupled to an
electron transport chain, as the known S°-reducing
enzymes are apparently not involved and their sulfur
reductase (SR) activity might be fortuitous (Adams
et al., 2001; Sapra et al., 2003).

Inducible transcripts and proteins in sulfur- and
peptide-grown cultures were identified in Pc. furiosus
using microarray and two-dimensional gel tech-
niques. The two genes with the highest increase in
mRNA levels were sipA and sipB, which are tran-
scribed from a common promoter region in opposite
directions (Schut et al., 2001). The gene products
were identified as membrane-associated proteins
previously. Their function is not known and there 
is no biochemical evidence that they belong to a
membrane-associated sulfur or polysulfide reductase
complex (PSR; Adams et al., 2001; Sapra et al.,
2003). The data suggested that Pc. furiosus should
have some kind of SR or PSR. Unfortunately, the
enzyme seems to be rather elusive.

Anaerobic sulfur metabolism in
chemolithoautotrophic Archaea

H2 oxidation with S° as electron acceptor is wide-
spread in hyperthermophilic Archaea, including the
Pyrodictium and Acidianus species (eqn 23.9, Table
23.1). The latter were the first to grow alternatively
by anaerobic H2 or aerobic S° oxidation without
organic substrates (Segerer et al., 1985; Zillig et al.,
1985). One of the major differences between these
two genera is the pH of the medium: Pyrodictium spp.
require pH 5–8 whereas Acidianus species grow at pH
1–4. However, their internal, cytoplasmic pH is 
supposed to be near neutrality. Polysulfides could
theoretically form non-enzymically from S° powder
added to the media during growth of Pyrodictium but
not of Acidianus (Schauder & Kröger, 1993).

Pyrodictium sulfur reductase 
and hydrogenase

Sulfur-reducing chemolithoautotrophs require at
least two membrane-bound enzymes for energy con-
servation: a hydrogenase and an SR or PSR coupled
in a short electron transport chain. Both were char-
acterized from Pd. brockii (Pihl & Maier, 1991; Pihl 
et al., 1992) and Pd. abyssi (Dirmeier et al., 1998). H2-
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dependent SR (H2:S° oxidoreductase) activity of Pd.
brockii depended on quinones (Pihl et al., 1992). The
SR was not purified in contrast to the NiFe hydro-
genase, which consisted of two subunits. More 
is known about the 520kDa membrane-bound
H2:sulfur oxidoreductase multienzyme complex
purified from the related hyperthermophile Pd.
abyssi. It is composed of nine subunits and has hydro-
genase and SR activities (Dirmeier et al., 1998). Fe,
Ni, Cu, acid-labile sulfur, and hemes b and c were
found, but no Mo or W. Quinones were not required
for activity. The complex contains all the constituents
necessary for the electron transport from H2 to S°,
thus being another example of an entire electron
transport chain within a single complex. The 
N-termini of the 65 and 42kDa subunits show 
similarity to the NiFe and the FeS subunits of the 
Ac. ambivalens but not to Pyrococcus hydrogenases
(Dirmeier et al., 1998; Laska et al., 2003). The N-
termini of the 24 and 85kDa subunits showed simi-
larity to the FeS and molybdopterin subunits of the
Ac. ambivalens SR and the Wolinella PSR, respectively
(Laska et al., 2003), suggesting phylogenetic rela-
tionship. The enzyme should therefore contain Mo
or W, although none was found. It is not uncommon
for these elements to be depleted beyond the detec-
tion limit upon protein purification.

It can be concluded that the Pyrodictium enzymes
differ significantly from Pyrococcus enzymes. There
are also differences to the Wolinella hydrogenase/PSR
system (Fig. 23.2; Hedderich et al., 1999), especially
due to the formation of the complex and the pres-
ence of c-type hemes in Pyrodictium. The two Pyrod-
ictium systems have many properties in common,
especially the heme b and c content and the sizes of
the hydrogenase subunits. But there are also clear
differences, most notably the quinone dependence of
the Pd. brockii enzyme and the presence of a tightly
bound complex in Pd. abyssi.

Acidianus ambivalens sulfur reductase 
and hydrogenase

An SR purified from membrane fractions of anaero-
bically grown Ac. ambivalens cells had a comparable
H2:S° oxidoreductase activity to the Pyrodictium sulfur
reductase in the presence of a copurified hydroge-
nase and with either 2,3-dimethyl-1,4-naphtho-

quinone (DMN) or cytochrome c as electron carriers
(Laska et al., 2003). The bidirectional and oxygen-
stable hydrogenase purified separately did not have
the sulfur-reducing side activity of the soluble Pc.
furiosus hydrogenases. In contrast to the Pyrodictium
SRs, horse heart cytochrome c was not reduced and,
moreover, no c-type cytochromes have been found
in any of the Sulfolobales or their genomes yet,
excluding them as natural electron carriers. The
activity of the basic cytochrome in the SR assay
might originate from linking of the hydrogenase and
SR non-specifically for direct electron transfer. The
purified enzymes did not form a single complex as in
Pd. abyssi (Laska et al., 2003).

The A. ambivalens hydrogenase encoded by a poly-
cistronic cluster including genes for a NiFe and an
FeS subunit was rather dissimilar to other hydroge-
nases (Laska et al., 2003). The most similar relatives
were from a streptomycete and Ralstonia (∼34%
sequence identity). The Isp1 protein (Fig. 23.2) is
probably the membrane anchor. The FeS subunit
contained a leader peptide with a twin-arginine
translocation motif (TAT) not present in the mature
protein, suggesting a transport across the membrane
(Fig. 23.2). Fe and Ni were present in membrane and
in enriched hydrogenase fractions in accordance
with the sequence analysis (Laska et al., 2003).

The Ac. ambivalens SR gene cluster consisted of five
ORFs, sreABCDE (Fig. 23.2). The deduced amino acid
sequences of sreA encoding a 110kDa subunit visible
on SDS gels and sreB showed similarity to the molyb-
dopterin and the FeS subunits of the DMSO/nitrate
reductase family, respectively (Laska et al., 2003).
SreA also contained a twin arginine motif, suggest-
ing an export by the TAT pathway. The sreC gene
encoded a protein with ten predicted transmem-
brane helices, sreD an unknown polyferredoxin with
26 cysteine residues, and sreE a small system-specific
chaperone. Mo, but not W, was found in solubilized
membrane fractions, suggesting that the SR is a
molybdoprotein in accordance with the sequence
analysis. The predicted orientation and the molecu-
lar composition of the Ac. ambivalens SR deduced
from the biochemical results and the sequence analy-
sis are similar to the W. succinogenes PSR (Fig. 23.2;
Laska et al., 2003). Both enzymes consist of homol-
ogous catalytic and electron transfer subunits
(SreA/PsrA and SreB/PsrB, respectively) and non-
homologous membrane anchors (SreC/PsrC). The
hydrogenases also have comparable quaternary
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structures; they are composed of at least three sub-
units each, the homologous Ni-containing catalytic
(HynL/HynB; Fig. 23.2), the FeS-containing electron
transfer subunits (HynS/HynA), and the non-
homologous membrane anchors (Isp1/HynC).

The only other probably orthologous sreABCDE
gene clusters were identified in the genome of Su. sol-
fataricus (but not in Su. acidocaldarius and Su. tokodaii),
suggesting that it should grow by heterotrophic
anaerobic S° respiration; however, this has not been

demonstrated yet (A. Kletzin, unpublished). Phylo-
genetic analysis showed that homologs of SreA 
are present in the genomes of other facultative 
sulfur reducers and that they form a branch in the
DMSO reductase family tree together with other
enzymes with unrelated substrates (Laska et al.,
2003). It can be concluded that these organisms have
a mutually similar set of membrane-bound SRs with
related but diverse molybdopterin and electron
transfer subunits, while additional subunits might
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Fig. 23.2 Upper panel: gene clusters encoding the NiFe hydrogenase and the SR in Ac. ambivalens. See Laska et
al. (2003) for the explanation of the gene names. Black dots, Cys-containing sequence motifs potentially
coordinating FeS clusters; Ni, Mo, potential metal binding sites; m, predicted transmembrane protein; RR, twin
arginine protein translocation motif; the tat cluster encodes proteins required for twin arginine translocation
pathway; doxX, doxY, a thiosulfate:quinone oxidoreductase paralog (see below). Lower panel: schematic
representation of the sulfur and polysulfide respiration in Ac. ambivalens and Wolinella succinogenes. The Ac.
ambivalens model was developed in analogy to Wo. succinogenes from the results of the sequence comparison and
the biochemical data (Laska et al., 2003). Homologous subunits are shown in identical shading. CM, cytoplasmic
membrane; OM, outer membrane; MK, menaquinone; SQ; sulfolobus quinone.
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vary. The membrane-bound hydrogenases diversify
similarly, although the analysis is more complicated
because NiFe hydrogenases fall into four subfamilies,
which are all realized in different Archaea. It was
interesting to see that the Sulfolobus species
sequenced so far do not have hydrogenase genes,
showing that they should not be able to grow
lithotrophically with H2.

Sulfur oxidation in Acidianus

Numerous (micro-) organisms oxidize ISCs for dis-
similatory energy metabolism, including anaerobic
phototrophic and aerobic chemolithotrophic,
mesophilic, and (hyper-) thermophilic bacteria. Bac-
terial sulfur oxidizers are physiologically and phylo-
genetically diverse. In contrast, most of the known
archaeal sulfur oxidizers belong to the acidophilic
Sulfolobales (Huber & Prangishvili, 2005). The bio-
chemistry was consequently studied most thor-
oughly in Acidianus species (Kletzin et al., 2004;
Chen et al., 2005). The schemes of S° oxidation 
and electron transport developed for Ac. ambivalens
(Fig. 23.3) differ significantly from the bacterial
models.

The oxidation of S° to sulfuric acid proceeds in at
least two steps, often more involving intermediates
like sulfite, thiosulfate, tetrathionate, etc. (Fig. 23.1).
Several pathways are distinguished depending on the
organisms and growth conditions (reviewed, for
example, in Takakuwa, 1992; Kelly et al., 1997;
Friedrich et al., 2001, 2005).
1 Thermoacidophilic Archaea oxidize S° with a
cytoplasmic sulfur oxygenase reductase (SOR), a
sulfur-disproportionating enzyme. Thiosulfate and
sulfite are oxidized by membrane-bound oxidore-
ductases (Fig. 23.3; Kletzin, 1989; Zimmermann 
et al., 1999; He et al., 2000; Müller et al., 2004).
2 Acidophilic Bacteria like Acidithiobacillus spp.
oxidize S° to sulfite by a GSH-dependent soluble
sulfur oxygenase. Sulfite is oxidized by a
sulfite:cytochrome c oxidoreductase and thiosulfate
by a tetrathionate-forming thiosulfate oxidoreduc-
tase. Tri- and tetrathionate hydrolases were found as
well (Takakuwa, 1992; Visser et al., 1997; Rohwerder
& Sand, 2003; Friedrich et al., 2005).
3 Neutrophilic bacteria oxidize S° and ISCs using the
periplasmic Sox multienzyme complex. The complex
binds S° and ISCs covalently to the thiol of a cysteine
side chain and oxidizes the S atoms to sulfate

without formation of free intermediates (Friedrich et
al., 2001, 2005). The electrons are transferred via
cytochrome c to the terminal oxidase. Sox genes
were identified in genomes of numerous mesophilic
and thermophilic Bacteria but not in Archaea or in
Acidithiobacillus (Friedrich et al., 2005).

Acidianus ambivalens and 
Ac. tengchongensis sulfur 
oxygenase reductase

The initial enzyme in the archaeal S° oxidation
pathway is unique in several aspects. The soluble
protein was termed sulfur oxygenase reductase
(SOR) because it is the only S° disproportionating
enzyme. Sulfite, thiosulfate, and hydrogen sulfide
are products. Oxygen is required for activity but no
organic cofactors (Kletzin, 1989; He et al., 2000):

4S° + O2 + 4H2O → 2HSO3
− + 2H2S + 2H+

(eqn 23.10)

Thiosulfate is probably a non-enzymic product of
sulfite condensation with excess S° (eqn 23.4). The
glutathione-dependent periplasmic sulfur oxyge-
nases of mesophilic Acidithiobacillus species do not
have a reductase activity or bear any similarity to the
SOR (sequences are not known; Rohwerder & Sand,
2003). Another protein with a SOR-like activity was
described earlier from a phylogenetically uncharac-
terized isolate of “Sulfolobus brierleyi” as a sulfur oxy-
genase (Table 23.3). The enzyme largely resembles
the Acidianus SORs (the isolate was most probably an
Acidianus species; Kletzin et al., 2004).

Other sor genes were identified in the genomes 
of the crenarchaeote Sulfolobus tokodaii, of the Eury-
archaeota Ferroplasma acidarmanus and Picrophilus tor-
ridus, and of the hyperthermophilic bacterium
Aquifex aeolicus. The deduced amino acid sequences
shared 35–88% identical residues and constitute a
unique protein family without similarities to other
enzymes (Urich et al., 2004). Interestingly, the 
sor gene was missing in Su. solfataricus and Su. 
acidocaldarius, which were described as facultative
chemolithoautotrophic, sulfur-dependent aerobes
(Brock et al., 1972; Zillig et al., 1980). They had been
isolated by successive rounds of serial dilution and
not by plating of single colonies. Other researchers
were unable to grow both strains under the
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chemolithoautotrophic conditions they were isolated
upon, suggesting that they lost or never possessed
the ability to oxidize S° (Norris & Johnson, 1998).
The original cultures had probably not been pure,
whereas those presently available were separated
later with improved plating techniques.

The SOR activity was inhibited by thiol-binding
reagents, pointing to the involvement of cysteines in
catalysis (Kletzin, 1989; Urich et al., 2004; Chen 
et al., 2005). Three conserved cysteine residues 

are present in the SOR sequences. Site-directed
mutagenesis showed that one of these (C31 in 
Ac. ambivalens numbering) was indispensable and
could not be replaced by Ala or Ser, while mutagen-
esis of the other two resulted in markedly reduced
activities (Chen et al., 2005; Urich et al., 2005b). 
EPR spectroscopy and redox titration showed that
the SOR contains a mononuclear non-heme iron
center in the high-spin Fe3+ state and with a low
reduction potential (Eo′ = −268mV, protein as 
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Fig. 23.3 Upper panel: scheme of Ac. ambivalens respiratory chain components and coupling points with sulfur
metabolism. The activities of all enzymes depicted have at least been measured. a, heme a; CQ, caldariella
quinone; CQH2, caldariella quinol; FeS, iron-sulfur centers (Kletzin et al., 2004; Pereira et al., 2004). Lower
panel: hypothetical model of S° oxidation in Ac. ambivalens derived from known enzyme activities (in italics) and
possible non-enzymic reactions: SAOR, sulfite:acceptor oxidoreductase; TQO, thiosulfate:quinone oxidoreductase;
SOR, sulfur oxygenase reductase; APS, adenylylsulfate; APAT, adenylylsulfate:phosphate adenylyltransferase; CQ,
caldariella quinone. See text for details (Kletzin et al., 2004).
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Table 23.3 Properties of the SORs and sulfur oxygenase.

Ac. ambivalens 
Ac. ambivalens recombinant “Su. brierley” Ac. tengchongensis

Source wild type SOR SOR (E. coli)* S-oxygenase recombinant SOR (E. coli)

Subunit mol. mass 35,187† 36,311† 35,000 35,172†
Holoenzyme mol. mass Apparent 550,000‡ 550,000‡/732,000§ 550,000§ n.r.

X-ray crystallography 844,488† 871,464† n.r. n.r.
pH range/pHopt 4–8/7–7.4 n.r. n.r./6.5–7.5 3.5–9/5
Topt/Tmax 85/108 °C n.r. 65/>80 °C 70/>90 °C
Spec. oxygenase activity 10.6U/mg 2.8U/mg 0.9U/mg†† 753U/mg§§

at optimal 29.7U/mg‡‡,§§
temperature ¶

Spec. reductase activity 2.6U/mg 0.66U/mg n.r. 45.2U/mg††,§§
at optimal 3.3U/mg**,††
temperature**

18O-incorporation n.r. n.r. + n.r.
Diameter ∼15.5nm ∼15nm n.r. n.r.
Reference(s) Kletzin, 1989, 1992; Urich et al., 2004, Emmel et al., He et al., 2000; Sun et al.,

Urich et al., 2004 2005a 1986 2003; Chen et al., 2005

n.r., not reported; *including 10 aa C-terminal Streptag; †from sequence without N-terminal Met; ‡gel permeation chromatography; §non-
denaturing PAGE; ¶one unit was defined as 1µmol of sulfite plus thiosulfate formed per minute assuming that thiosulfate is formed non-
enzymically; **one unit was defined as 1µmol of H2S per minute; ††wild type enzyme; ‡‡recombinant enzyme; §§values taken from He et al.
(2000). One unit was defined as 1mmol sulfite or H2S formed per minute. The values reported by Chen et al. (2005) were: 4.85U/mg for the
heat-treated E. coli cell extract with recombinant SOR and 0.48U/mg for the membrane fraction of Ac. tengchongensis cell extracts, respectively.
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isolated). The signal disappeared upon reduction
with dithionate or incubation of the SOR with S° at
elevated temperature (Urich et al., 2004). It was
intriguing to find that the reduction potential was
more than 300mV lower than usually found for this 
type of iron center and low enough to explain the 
S° reducing activity of the enzyme (Eo′ [H2S/S°] =
−270mV).

SOR structure and mechanism

Electron microscopic preparations of immunogold-
labeled Ac. tengchongensis cells showed that the SOR
is most likely associated with the cytoplasmic mem-
brane (Chen et al., 2005). Hollow globular particles
of 15.5nm in diameter appeared in EM pictures of
the purified Ac. ambivalens SOR (Kletzin, 1989; Urich
et al., 2004).

X-ray crystallographic analysis to 1.7Å resolution
showed that the SOR is a spherical homoicosa-
tetramer (i.e. 24 subunits) with a 432 point group 
symmetry and an external diameter of 150Å. It sur-
rounds an empty cavity with a diameter of 71–107Å
(Plate 23.3; Urich et al., 2005a, 2006). The resulting
molecular mass of 844,000 for the native SOR
(871,000 for the recombinant; Table 23.3) was
higher than anticipated from biochemical analyses
(550–730kDa; Urich et al., 2004, 2005a). Each
subunit consisted of a β-barrel core surrounded by
α-helices. The iron center was coordinated by a
bidentate glutamate and two histidine ligands com-
pleted by two water molecules in a structural motif
known as “2-His 1-Carboxylate facial triad” (Plate
23.3; Urich et al., 2006; Costas et al., 2004). Muta-
tion of any of the three iron ligands to alanine
resulted in the loss of activity and iron-binding capa-
bilities (Urich et al., 2005b). Residue C31 showed
additional electron density, which proved to be a per-
sulfide modification (Urich et al., 2006). The iron
center and the three cysteines are buried in a pocket
in the interior of each monomer, which is accessible
only from the interior cavity. The low reduction
potential of the iron site is probably the result of a
surrounding hydrogen bonding network (Plate
23.3).

Some conclusions for the reaction mechanism
could be derived from the structure. The core active
site is composed of the iron site and the modified 
C31. Substrate entry has to proceed through the

hydrophobic channels along the fourfold axes of 
the sphere (Plate 23.3). The SOR thus provides an
enclosed reaction compartment separated from the
cytoplasm. The presence of a persulfide shows that
S° is most probably bound covalently to C31 (eqn
23.2). The linear sulfur chain is aligned to the iron
site and replaces the water ligands, poising the iron
site for oxygen binding and activation. Further steps
in the reaction sequence are currently not known, as
no data of transition states are available; however,
not even the non-enzymic sulfur disproportionation
reaction is well understood (eqn 23.3; Steudel,
2000).

A question arises as to why a cytoplasmic and not
a periplasmic or membrane-bound enzyme as in
most Bacteria is used for the initial step of 
sulfur oxidation (Rohwerder & Sand, 2003; Friedrich
et al., 2005). One probable answer is that the closed
sphere allows use of the high reactivity of the S° dis-
proportionation at elevated temperature and near-
neutral pH, so that only little activation energy is
required.

Electron transport chains coupled 
to the oxidation of H2S, sulfite, 
and thiosulfate

The oxidation of sulfite, sulfide, and thiosulfate in 
Ac. ambivalens requires membrane-bound, proton-
pumping oxidoreductases since the SOR does not
couple S° oxidation to electron transport or substrate
level phosphorylation. Bacterial H2S oxidoreductases
include the membrane-bound sulfide:quinone 
oxidoreductase (SQR), a flavocytochrome c sulfide
dehydrogenase and oxidatively acting sulfite reduc-
tases (eqn 23.8; Theissen et al., 2003). SQR activity
has been found in many Bacteria and even in higher
Eukaryota but not yet in Ac. ambivalens or other
Archaea, although homologs of the sqr gene 
are present in archaeal genomes (A. Kletzin, 
unpublished).

A tetrathionate-forming, membrane-bound thio-
sulfate:quinone oxidoreductase (TQO) was iso-
lated from aerobically grown Ac. ambivalens cells.
Ferricyanide, methylene blue and decyl ubiquinone
were electron carriers of the reversible reaction. Cal-
dariella quinone was bound to the protein. Optimal
activity was observed at 85°C and pH 5. The 102kDa
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glycosylated holoenzyme consisted of 28 and 16kDa
subunits, suggesting an α2β2 stoichiometry. Oxygen
electrode measurements showed an electron trans-
port from thiosulfate to molecular oxygen via the
terminal heme copper quinol:oxygen oxidoreductase
(Fig. 23.3). The TQO subunits were identical to DoxA
and DoxD, previously described as parts of the Ac.
ambivalens terminal oxidase (Müller et al., 2004).
Interestingly, the recently isolated haloarchaeon
Natronorubrum HG 1 (Sorokin et al., 2005) contained
a membrane-associated tetrathionate synthase or
thiosulfate:acceptor oxidoreductase, whose activity
depended specifically on elevated concentrations of
Cl−. Its function is similar to the TQO described here
but the protein has not been purified yet and the
sequence is not known.

The fate of the tetrathionate formed by the 
Ac. ambivalens TQO has not been investigated 
yet. However, there is a possibility that a thiosul-
fate/tetrathionate cycle exists (Müller et al., 2004).
Tetrathionate is unstable in the presence of strong
reductants and is reduced to thiosulfate in vitro at
high temperatures. Therefore, H2S and sulfite might
re-reduce tetrathionate formed by the TQO and thus
feed electrons indirectly from the S° disproportiona-
tion reaction catalyzed by the SOR into the quinone
pool (Fig. 23.3). 

Sulfite:acceptor oxidoreductases or dehydro-
genases (SAOR) and other sulfite-oxidizing enzymes
are known from many organisms. Several pathways
can be distinguished (Kappler & Dahl, 2001):
1 SAORs were described from several Bacteria; most
were periplasmic enzymes, only one was membrane-
bound (Kappler & Dahl, 2001). SAOR activity is also
included in the SOX complex. The enzymes feed

electrons typically via c-type cytochromes into the
respiratory chain (Friedrich et al., 2001, 2005).
2 Two variants of a sulfite oxidation pathway
coupled to substrate level phosphorylation were
identified in Bacteria and Archaea involving the indi-
rect sulfite oxidation via an APS reductase (eqn 23.7,
Fig. 23.1) and either an ATP sulfurylase or an adeny-
lylsulfate:phosphate adenylyltransferase (APAT, eqn
23.6; Brüser et al., 2000).

The activities of a SAOR (membrane fraction), APS
reductase, APAT, and adenylate kinase (soluble frac-
tion) were demonstrated in Ac. ambivalens (Fig. 23.3;
Zimmermann et al., 1999), showing that both path-
ways are realized. The enzymes have not yet been
purified. ATP sulfurylase activity was not found.

Conclusions

The sketches of the S° oxidation pathway and of elec-
tron transport in Ac. ambivalens presented in Fig. 23.3
were outlined from the presently available data;
however, some gaps are still open. Sulfur is oxidized by
the SOR; the products thiosulfate and sulfite are oxi-
dized by membrane-bound oxidoreductases. There is
also the APS oxidation pathway. Unsolved questions
are how the sulfur gets into the cell, how it gets into the
SOR, and how products get out. It is also unsolved
whether a separate tetrathionate oxidation pathway
and additional membrane-bound enzymes exist, cat-
alyzing sulfur compound oxidation at the outer
surface of the membrane or the S-layer. Another
unsolved question is, how NAD+ reduction is coupled
to sulfur metabolism. It is to be hoped, however, that
some of these gaps will be filled in the near future.
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Introduction

Methyl-coenzyme reductase (MCR) catalyzes the reduction of methyl-coenzyme M (CH3-S-CoM) with 
coenzyme B (HS-CoB) to methane and CoM-S-S-CoB (∆Go′ =−30kJ/mol) (Fig. 24.1a). This is the methane
forming reaction in all methanogenic Archaea. MCR contains nickel bound within cofactor F430 (Fig. 24.1b)
(for review see Thauer, 1998). The nickel protein has been thought to be present only in methanogenic
Archaea, which all contain this enzyme. Therefore, the mcr genes have been used as a taxonomic marker for
methanogenic Archaea (Springer et al., 1995; Lueders et al., 2001; Luton et al., 2002; Chin et al., 2004;
Banning et al., 2005). However, two years ago MCR, its nickel cofactor, and the mcr genes were also found
in methanotrophic Archaea of the ANME1 and ANME2 cluster (Hallam et al., 2003, 2004; Krüger et al.,
2003). These methanotrophic Archaea are phylogenetically most closely related to methanogenic Archaea of
the order of Methanosarcinales and this phylogenetic relationship is reflected in the primary structures of the
MCR from these organisms (Hallam et al., 2003; Krüger et al., 2003). Based on these and other findings it
has been proposed that MCR is involved not only in methanogenesis but also in anaerobic oxidation of
methane (AOM).

The most convincing evidence for an involvement of MCR in AOM comes from the biochemical analysis
of microbial mats from the Black Sea, which catalyze AOM and are composed of more than 50% Archaea
from the ANME 1 cluster (Pimenov et al., 1997; Thiel et al., 2001; Michaelis et al., 2002; Tourova et al., 2002;
Pimenov & Ivanova, 2005). These mats were found to contain high concentrations (7% of the protein
extracted from the mats) of an enzyme that, because of its primary structure, subunit composition, and nickel
cofactor, is closely related to MCR from methanogenic Archaea (Krüger et al., 2003). These mats catalyzed
sulfate-dependent AOM in the laboratory at a specific rate of 0.1mU/mg protein (1U=1µmol/min). The rate
of methane formation from added methanogenic substrates (H2/CO2, formate, methanol, methylamines,
and/or acetate) was less than 0.01mU/mg protein, indicating that the mats are dedicated to AOM rather than
to methanogenesis (Krüger et al., 2003).

Despite these findings there is a serious question. Methane formation from methyl-coenzyme M and coen-
zyme B is a strongly exergonic reaction (∆Go′ =−30kJ/mol). It is catalyzed by MCR from methanogenic
Archaea with a maximal specific activity of 100 units (µmol/min) per mg protein (Thauer, 1998). Can this
enzyme really catalyze the back reaction at sufficiently high rates?

In this chapter the properties of MCR from methanogenic Archaea are described and analyzed with respect
to a possible involvement of this enzyme in AOM. Then the rates of AOM, the inhibition of AOM by 
bromoethane sulfonate, and the apparent restriction of AOM to sulfate as electron acceptor are discussed 
with respect to the properties of MCR. Finally, some thoughts are presented as to why AOM and the 
anaerobic oxidation of alkanes with more than one carbon appear to proceed via two completely different
mechanisms.

24
Methyl-coenzyme M reductase 

in methanogens and methanotrophs

Rudolf K. Thauer and Seigo Shima
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Properties of methyl-coenzyme M
reductase from methanogenic Archaea

Structure of MCR

MCR from methanogenic archaea is composed of
three different subunits in an α2β2γ2 arrangement
and contains 2mol of a nickel porphinoid, designated
coenzyme F430, as prosthetic group, which has to be
in the Ni(I) oxidation state for the enzyme to be
active (for review see Thauer, 1998). The crystal
structure of MCR with F430 in the Ni(II) oxidation
state was resolved to 1.16Å. It revealed that the sub-
units are intertwined such that they form two struc-
turally interlinked active sites made up of the
subunits α, α′β, and γ, and α′, α, β′, and γ′, respec-
tively. Each active site harbors one F430 molecule
buried deeply within the protein and accessible from
the outside only via a 50Å long channel made up of

mainly hydrophobic amino acid residues. Near to the
active site are five modified amino acids: a thio-
glycine, an N-methyl-histidine, an S-methyl cys-
teine, a 5-(S)-methyl arginine and a 2-(S)-methyl
glutamine (Ermler et al., 1997; Grabarse et al., 2000,
2001a, b). Labeling studies have shown that the
methyl groups are biosynthetically derived from 
the methyl group of methionine and not from the
methyl group of methyl-coenzyme M (Selmer et al.,
2000). The five modified amino acids are highly con-
served. However, in MCR from Methanosarcina the
respective glutamine is not methylated (Grabarse 
et al., 2000). Generally the genes coding for the three
MCR subunits are coded in a transcription unit mcr-
BDCGA. The function of McrC and McrD, which do
not copurify with MCR, is not known. In some
methanogens the mcrC and/or mcD genes are not
located together with the mcrAGB genes. Methanan-
othermobacter marburgensis, and Methanococcus 
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Reviews of different aspects of the subject can be found in Thauer (1998) (methyl-coenzyme M 
reductase), DeLong (2000), Valentine and Reeburgh (2000), Valentine (2002), Boetius and Suess (2004),
Strous and Jetten (2004), Chistoserdova et al. (2005), Shima and Thauer (2005) (anaerobic oxidation of
methane), Buffett and Archer (2004) (global inventory of methane clathrate), Spormann and Widdel (2000),
and Widdel and Rabus (2001) (anaerobic oxidation of hydrocarbons). The reader is referred to these reviews
for literature published before 2000.

Fig. 24.1 Methyl-coenzyme M reductase from methanogenic archaea. (a) The reaction catalyzed by the enzyme;
(b) the prosthetic group (coenzyme F430) of the enzyme.
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jannaschii contain two sets of mcr genes coding for
two MCR isoenzymes, the synthesis of which is reg-
ulated (Thauer, 1998; Luo et al., 2002).

The redox state of F430 in 
the active enzyme

Within the past few years there was a major contro-
versy with respect to the number of electrons
required to reduce MCR from the inactive EPR silent
Ni(II) state to the active Ni(I) state. Evidence was
published that three electrons are required, indicat-
ing that besides the nickel the porphinoid ligand was
also reduced (Tang et al., 2002). It was subsequently
unambiguously shown that the stoichiometry is 1
(Piskorski & Jaun, 2003; Craft et al., 2004a). Like-
wise there was controversy over the oxidation state
of nickel in the EPR active but enzymatically inac-
tive MCRox forms (Mahlert et al., 2002a). Evidence
was published that the EPR signal exhibited by
MCRox could only be derived from Ni(I) (Telser et
al., 2000, 2001; Singh et al., 2003). More detailed
analyses revealed, however, that the nickel in the
MCRox form can best be described as a Ni(III) thio-
late in equilibrium with a Ni(II) thiyl radical complex
(Duin et al., 2003, 2004; Craft et al., 2004b; 
Goenrich et al., 2004; Harmer et al., 2005).

The catalytic mechanism

The active site structure indicates that methyl-
coenzyme M reduction to methane takes place in a
hydrophobic pocket from which water is completely
excluded. When entering the active site via the
hydrophobic channel methyl-coenzyme M is
stripped of water and after the reaction the het-
erodisulfide is expelled into the water phase. The
reaction most probably starts with a conformational
change within the active site that is induced upon
binding of coenzyme B. This is indicated by the
finding that upon addition of coenzyme B to active
MCR in the presence of coenzyme M the enzyme is
converted from the MCRred1c state exhibiting an
axial EPR signal into the MCRred2 state exhibiting a
highly rhombic EPR signal (Mahlert et al., 2002b;
Finazzo et al., 2003a, b). In single turnover experi-
ments methane formation from methyl-coenzyme M

was found to be dependent on coenzyme B (Horng
et al., 2001).

There is evidence that the two active sites are
structurally and functionally interlinked. The two α
subunits in the enzyme are intertwined such that a
conformational change in the one active site (made
up of the subunits α, α′, β, and γ) can be transmitted
to the other active site (made up of the subunits α′, α,
β′, and γ′) and vice versa. An indication for the cou-
pling of the two active sites is the finding that at most
50% of the enzyme is converted from the MCRred1c
state into the MCRred2 state upon addition of coen-
zyme B (Goenrich et al., 2005). MCR thus shows
“half-of-the-sites” reactivity. Based on these findings
it has been proposed that the enzyme operates
according to a dual stroke engine mechanism. This
would allow the coupling of endergonic steps of the
catalytic cycle in one active site to the exergonic steps
in the other site. The coupling is predicted to lower
the activation energy for both the forward and the
back reaction (Goenrich et al., 2005) (Fig. 24.2).

Two different mechanisms for methyl-coenzyme
M reduction have been proposed. In mechanism 1
the methyl group of methyl-coenzyme M reacts with
the Ni(I) in a nucleophilic substitution reaction,
yielding methyl-Ni(III) and coenzyme M, which in
turn react to methyl-Ni(II) and the thiyl radical of
coenzyme M. Methyl-Ni(II) then reacts with a
proton in an electrophilic substitution reaction to
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Fig. 24.2 Dual stroke engine mechanism proposed 
for methyl-coenzyme M reductase. The mechanism
allows the coupling of endergonic steps of the
catalytic cycle in the one active site to exergonic steps
in the other active site. The coupling is predicted to
lower the activation energy in both the forward and
the back reaction.
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methane and Ni(II) and the coenzyme M thiyl radical
reacts with coenzyme B, yielding a disulfide anion
radical, which is a strong reductant that reduces
Ni(II) back to Ni(I), thus closing the catalytic cycle
(Ermler et al., 1997; Grabarse et al., 2001a, b). This
mechanism is mainly supported by the findings that
MCR-catalyzed methyl-coenzyme M reduction pro-
ceeds with inversion of stereoconfiguration (Ahn et
al., 1991), that enzyme-bound Ni(I)F430 reacts with
3-bromopropane sulfonate to alkyl Ni(III) (Goenrich
et al., 2004), and that free Ni(I)F430 in aprotic 
solvents reacts with methylbromide to methyl-
Ni(II)F430, which subsequently can be protonolyzed
to methane and Ni(II)F430 (Jaun, 1993). Also, the
finding that MCR catalyzes the reduction of ethyl-
coenzyme M with less than 1% of the catalytic effi-
ciency of methyl-coenzyme M reduction is consistent
with a nucleophilic substitution as the first step in
the catalytic cycle (Goenrich et al., 2004).

However, density function calculations have
revealed that mechanism 1 is energetically not favor-
able (Pelmenschikov et al., 2002; Pelmenschikov &
Siegbahn, 2003), although the calculations have not
taken into account that the two active sites could be
energetically coupled. Based on their calculations
Ghosh (Ghosh et al., 2001) and Siegbahn (Pelmen-
schikov et al., 2002; Pelmenschikov & Siegbahn,
2003) have proposed mechanism 2, in which as the
first step in the catalytic cycle the methyl thioether
bond in methyl-coenzyme M is reductively cleaved,
yielding a Ni(II) thiolate and a methyl radical, which
in turn reacts with HS-CoB, yielding methane and a
CoBS thiyl radical. The latter reacts with coenzyme
M thiolate to the disulfide anion radical, which, as in
mechanism 1, is used to re-reduce the Ni(II)F430 in
MCR to the Ni(I) oxidation state. Mechanism 2 is
backed up by the experimental finding that in active
MCR coenzyme M reversibly coordinates with its
thiol sulfur to Ni(I) of F430 when coenzyme B is
present (Finazzo et al., 2003a, b).

Considering an involvement of MCR in AOM,
both mechanisms are not very likely. Assuming
mechanism 1, methane oxidation would start by a
nucleophilic attack of methane to Ni(II) of F430. This
can be excluded since Ni(II) of F430 is not electrophilic
enough to be able to attack methane with a pKa of
above 40. The low electrophilicity of F430(Ni II) is
reflected by the low redox potential Eo′ <−600mV of
the Ni(II)F430/Ni(I)F430 couple (Jaun, 1993; Piskorski
& Jaun, 2003). Mechanism 2 is likewise problematic.

Methane oxidation would start by the reaction of
methane with the CoB-S

.
thiyl radical. The bond 

dissociation energy of the C–H bond in methane is
439kJ/mol as compared to that of the S–H bond of
only 365kJ/mol, which makes a reaction of methane
with a thiyl radical yielding a methyl radical and a
thiol thermodynamically very unfavorable.

A third mechanism is therefore proposed, which
is a modification of mechanism 1. Methyl-Ni(III)F430

generated from Ni(I)F430 and methyl-coenzyme 
M reacts with a proton, yielding methane and
Ni(III)F430. Free Ni(III)F430 is a very strong elec-
trophile (Eo′ >+1V) (Jaun, 1993) and this is probably
also true for enzyme-bound Ni(III)F430, although the
EPR spectrum and the UV/visible spectrum of free
Ni(III)F430 and those of Ni(III)F430 in MCRox (see
above) are very different, indicating major differ-
ences in the coordination sphere (Craft et al., 2004b;
Duin et al., 2004). The back reaction, the oxidation
of methane, would therefore start with the elec-
trophilic metalation of methane by reaction of
methane either end-on or side-on with the high-
valent Ni(III) complex in MCR, as described for the
activation of C–H bonds by other high-valent metal
complexes (Shilov & Shul’pin, 1997).

The reversibility of the MCR 
catalyzed reaction

The MCR catalyzed reaction is exergonic (Fig. 24.1).
Under standard conditions (non-gaseous substrates
and products at 1M concentration and CH4 at 105 Pa
pressure) the free energy change (∆Go) associated
with the reaction is estimated to be −30kJ/mol
methane (see below). The free energy change under
physiological conditions (∆G) is obtained from 
∆G=∆Go +RTln [Products]/[Substrates]=−30+5.7 log
[Products]/[Substrates]. The equation predicts that
the back reaction becomes exergonic when the
product to substrate concentration ratio is approxi-
mately105. Such a ratio is physiologically not unre-
alistic. At 105 Pa methane the ratio is 105 when the
intracellular concentration of CoM-S-SCoB is, for
example, 1mM (10−3 M) and that of CH3-S-CoM and
HS-CoB each 0.1mM (10−4 M). Consistent with this,
methanogenic Archaea have been shown to be
capable of very slow methane oxidation (Shilov 
et al., 1999; Moran et al., 2004). In some of the
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earlier reports (Zehnder & Brock, 1979, 1980) it has
to be considered, however, that the 14C methane
used to follow AOM was generated from 14CO2 by
methanogens and was therefore most likely contam-
inated by 14CO (Conrad & Thauer, 1983).

∆Go for the MCR-catalyzed reaction is obtained
from the difference in the free energy changes asso-
ciated with several reactions (Keltjens & van der
Drift, 1986; Thauer, 1998). One of these reactions is
the reduction of CoM-S-S-CoB with H2. ∆Go for this
reaction was revised recently due to the finding that
the redox potential of the CoM-SS-CoB/HS-CoB +
HS-CoM couple is −143±10mV rather than −200mV
(Tietze et al., 2003). As a result, ∆Go for methyl-coen-
zyme M reduction with coenzyme B decreased from
−45 to −33kJ/mol. This value also has some uncer-
tainty since it is in part based on ∆Go =−28kJ/mol
associated with methyl-coenzyme M formation from
methanol and coenzyme M, which was calculated
from differences in bond energies and neglects dif-
ferences in solvation energies (Keltjens & van der
Drift, 1986). ∆Go for methyl-coenzyme M reduction
is probably best given as being −30±10kJ/mol.

Specific activity of MCR

Methyl-coenzyme M reductase (McrI) from Methan-
othermobacter marburgensis catalyzes methane forma-
tion from methylcoenzyme M with a maximal
specific activity of approximately 100U/mg protein
(Thauer, 1998). Exponentially growing M. marbur-
gensis can produce methane at a specific rate of 
up to 5U/mg protein. Consistently, such grown
methanogenic Archaea contain MCR at concentra-
tions of 5–10% of the soluble cell proteins. For
experimental reasons (equilibrium already reached
after a few turnovers) the rate of the back reaction
catalyzed by the enzyme has not yet been deter-
mined experimentally. The specific rate can be esti-
mated, however, using the Haldane equation, which
correlates the equilibrium constant (Keq) of a reaction
with the catalytic efficiency (kcat/KM) of an enzyme to
catalyze the forward and the back reaction: Keq is 
catalytic efficiency (forward reaction) divided by 
catalytic efficiency (backwards reaction). Keq for the
MCR catalyzed reaction is calculated from ∆Go =
−RTlnKeq =−30kJ/mol to be near 105. Assuming the
KM values of MCR for its substrates and products to
be all e.g. 0.1mM, the Haldane equation predicts that

MCR with a Vmax for methyl-coenzyme M reduction
of 100U/mg catalyzes methane oxidation at a
maximal specific rate of 1mU/mg (10−5 ×100U/mg).
As indicated above ∆Go =−30kJ/mol of the MCR cat-
alyzed reaction is only known with an uncertainty
of ±10kJ/mol. Therefore, the maximal specific rate
of methane oxidation could be as high as 10mU/mg
and as low as 0.01mU/mg.

Anaerobic oxidation of methane and
methyl-coenzyme M reductase

Anaerobic oxidation of methane by microorganisms
has, until now, only been observed with sulfate as
electron acceptor.

CH4 + SO4
2− + H+ = CO2 + HS− + 2H2O

∆Go′ = −21kJ/mol (eqn 24.1)

(The free energy change under standard conditions
at pH 7.0 (∆Go′) is given for CH4 and CO2 in the
gaseous state at 105 Pa pressure and SO4

2− and HS− at
1M concentrations). The very slowly growing organ-
isms involved have not yet been recovered in pure
culture, which is why our knowledge of their phys-
iology and biochemistry is still very limited. Most of
what we know is based on indirect evidence obtained
from the analysis of environmental samples. But
there is hope, since there are first studies of growth
and population dynamics of mixed cultures in con-
tinuous-flow reactors (Girguis et al., 2003, 2005).

Archaeal lipid biomarkers and isotopic evidence
indicate that AOM is catalyzed by Archaea (Hinrichs
et al., 1999; Bian et al., 2001; Pancost et al., 2001;
Aloisi et al., 2002; Schouten et al., 2003; Zhang 
et al., 2003; Blumenberg et al., 2004; Wakeham et
al., 2004). These are phylogenetically most closely
related to methanogenic Archaea of the order
Methanosarcinales as revealed by 16S RNA analyses
(Hinrichs et al., 1999; Boetius et al., 2000; Orphan
et al., 2001a, b). Three lineages have been identified
that are referred to as ANME-1, ANME-2, and
ANME-3 (Hinrichs et al., 1999; Boetius et al., 2000;
Orphan et al., 2001a, 2002; Blumenberg et al., 2004;
Knittel et al., 2005; Nauhaus et al., 2005; Stadnit-
skaia et al., 2005). Whether these Archaea also cat-
alyze the reduction of sulfate is still a much-debated
question. In their natural environment they are
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always associated with sulfate-reducing Bacteria
belonging taxonomically to the delta group of 
Proteobacteria (Boetius et al., 2000; Orphan et al.,
2001b; Elvert et al., 2003; Knittel et al., 2003).
Whether the Archaea and Bacteria are syntrophically
associated remains to be shown. H2, formate, and
acetate, which could be involved in interspecies elec-
tron transfer, have been shown not to inhibit AOM
(Nauhaus et al., 2002, 2005), which for thermody-
namic reasons they should if they were end products
of AOM in the Archaea (Hoehler et al., 1994).

Syntrophic association of methanotrophic
Archaea and sulfate-reducing Bacteria could also
proceed by extracellular electron transfer involving 
a “nanowire” (Reguera et al., 2005) or a diffusible
electron carrier. The former would require each
archaeon to be in physical contact with a sulfate-
reducing bacterium. In the microbial mats investi-
gated so far this is not always the case. A present
view, therefore, is that at least in some of the
Archaea methane oxidation and sulfate reduction
occur in the same cells, although this is not backed
up by metagenomic data: it has not yet been 
possible to demonstrate the presence of gene
homologs for the enzymes required for dissimilatory
sulfate reduction in Archaea of the ANME-1 or -2
cluster.

In this respect it is of interest that methanogenic
Archaea have been shown to require a free energy
change under physiological conditions (∆G) of at
least −10kJ/mol and sulfate-reducing Bacteria one 
of at least −19kJ/mol to support their metabolism in
situ (Hoehler et al., 2001). The limits of anaerobic
metabolism have been discussed by Jackson and
McInerney (2002).

Presence of MCR in 
methanotrophic Archaea

The microorganisms catalyzing AOM have been
shown to contain gene homologs of mcrBGA and of
most of the other genes involved in CO2 reduction to
methane in methanogenic Archaea. Only a gene
homologue of mer coding for methylenetetrahy-
dromethanopterin reductase was not found (Hallam
et al., 2004). Methanotrophic Archaea present in the
microbial mats catalyzing AOM in the Black Sea
were found to contain at least two different MCRs,

designated Ni-protein I and Ni-protein II, which
could be separated by anion exchange chromatogra-
phy (Krüger et al., 2003). Ni-protein II contained
normal F430 with a molecular mass of 905Da,
whereas Ni-protein I contains a modified F430 with a
molecular mass of 951Da. Ni-protein I is present in
a concentration of 7% of the extracted soluble pro-
teins and Ni-protein II in a concentration of up to
3%. The N-terminal amino acid sequences of the
three subunits of Ni-protein I were determined by
Edman degradation and used to identify the encod-
ing genes in a metagenome library of the mats. The
codon usage and tetranucleotide signature of the
three genes in the cluster mcrBGA revealed that the
three genes are located on the genome of the domi-
nant ANME-1 archaeon present in the mats. The
deduced amino acid sequences show a high degree
of sequence similarity to MCR from methanogenic
Archaea but with some distinct differences: in 
the α-subunit the glutamine, which in MCR from
methanogenic Archaea is post-translationally
methylated at C2, is replaced by a valine (Plate 24.1).
Two amino acids downstream of the valine there is
a cysteine-rich sequence CCX4CX5C not present in
MCR from methanogenic Archaea (Plate 24.1). 
This cysteine rich stretch in the α-subunit of MCR is
also found in the DNA sequence of the gene
homologs present in the metagenomic library of
other microbial consortia catalyzing AOM (Hallam 
et al., 2003). Due to these differences and the pres-
ence of a modified F430 the catalytic properties of the
enzyme from methanotrophic Archaea could differ
significantly from those of MCR from methanogenic
Archaea. Thus, the catalytic efficiency could be
higher.

As indicated above, the most abundant MCR in
microbial mats catalyzing AOM in the Black Sea con-
tains a modified F430 with a molecular mass of 951
Da (Krüger et al., 2003). This 951Da cofactor, which
can easily be identified by its characteristic MALDI-
TOF mass spectrum, was not found in any of the
methanogenic Archaea analyzed in this respect or in
microbial cells present in the anaerobic digesters of
the waste treatment plant in Marburg. The modified
cofactor was found, however, in all habitats with
AOM. But besides the modified cofactor the normal
F430 with a mass of 905Da is always present. It has
already been mentioned that Ni-protein II, isolated
from the microbial mats catalyzing AOM in the Black
Sea, contained only the 905Da cofactor (Krüger 
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et al., 2003), indicating that AOM is not restricted to
MCR containing the 951Da cofactor.

MCR and the rate of AOM

The rates reported for AOM are all very low. They
are generally between 1 and 100nmol/cm3/day
(Nauhaus et al., 2002, 2005; Treude et al., 2003,
2005; Wakeham et al., 2003; Joye et al., 2004;
Kallmeyer & Boetius, 2004; Orcutt et al., 2004;
Werne et al., 2004). Only a few direct estimates of
the specific rates have been reported. Microbial mats
from the Black Sea were found to catalyze AOM in
the laboratory at a specific rate of 0.1nmol/min and
mg protein and (Krüger et al., 2003). The low spe-
cific rate of AOM is consistent with an involvement
of MCR in this process. As outlined above, MCR from
methanogenic Archaea has been estimated from the
specific activity of methylcoenzyme M reduction
(100U/mg) and from the free energy change associ-
ated with the reaction (∆Go =−30kJ/mol) to catalyze
the oxidation of methane at a maximal specific 
activity of approximately 1mU/mg protein. This is
ten times the specific rate of AOM catalyzed by the
microbial mats from the Black Sea, which were
shown to contain MCR concentrations as high as
10% of the extracted proteins (Ni-protein I and II;
see above) (Krüger et al., 2003). The observed spe-
cific rates of AOM and the estimated specific activity
of MCR thus appear to match quite well. But there
is a caveat. Neither the maximal specific rate of AOM
nor the specific activity of MCR are at present known
sufficiently well to be able to draw decisive conclu-
sions from these results.

MCR and the inhibition of AOM by
bromoethane sulfonate

MCR is known to be inhibited by 2-bromoethane
sulfonate which is a substrate analog of methyl-
coenzyme M (Goenrich et al., 2004). Inhibition is
competitive with respect to methylcoenzyme M. 
2-Bromoethane sulfonate also inactivates MCR by
quenching the Ni(I) oxidation state in a reaction
yielding Ni(II)F430, ethane and a sulfite radical
(Goenrich et al., 2004). To inhibit and/or inactivate
MCR in vivo, 2-bromoethane sulfonate has to be

taken up by the cells, which is most probably
achieved by a coenzyme M transporter present in
many but not all methanogens (Santoro & Konisky,
1987). These findings explain why 2-bromoethane
sulfonate is a specific inhibitor of methanogenesis.
Inhibition of AOM by 2-bromoethane sulfonate,
which has repeatedly been reported, is therefore an
indication that MCR is involved in AOM (Nauhaus
et al., 2005).

MCR and the restriction of AOM to
sulfate as terminal electron acceptor

Until now AOM has only been observed with sulfate
as electron acceptor despite the fact that, for
example, methane oxidation with Fe(III) (∆Go′ =
−782kJ/mol CH4), nitrate (∆Go′ =−522kJ/mol CH4),
or nitrite (∆Go′ =−765kJ/mol CH4) is thermodynam-
ically much more favorable. This can possibly be
explained on the basis of the properties of MCR.

As indicated above, MCR from methanogenic
Archaea is only active when its prosthetic group F430

is in the Ni(I) oxidation state. The redox potential
(Eo′) of the Ni(II)F430/Ni(I)F430 couple has been deter-
mined to be below −600mV (Jaun, 1993; Piskorski
& Jaun, 2003). Due to the negative redox potential,
which is more than 200mV below that of the hydro-
gen electrode at pH 7.0, and due to the fact that in
the enzyme F430 is not completely electrically insu-
lated from electron acceptors present in the solvent,
Ni(I)F430 in methyl-coenzyme M reductase slowly
oxidizes to Ni(II)F430 even under strictly anoxic 
conditions. The rate of MCR inactivation increases
with increasing redox potential in its environment.
Considering that re-reduction of MCR in the cells
requires ATP (Thauer, 1998), the negative redox
potential of F430 could preclude the operation of MCR
in cells, in which the redox potential of the terminal
electron acceptors is more positive than 0 Volt as in
the case of the Fe(III)/Fe(II) couple (Eo′ = +772mV)
or of the nitrate/nitrite couple (Eo′ = +433mV). The
redox potentials of the adenylylsulfate (APS)/sulfite
couple (Eo′ = −60mV) and of the sulfite/H2S couple
(Eo′ = −116mV) involved in dissimilatory sulfate
reduction are probably sufficiently negative to allow
the function of MCR in the presence of these elec-
tron acceptors. With respect to the redox potential,
elemental sulfur with an Eo′ of −270mV would even
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be a more suitable electron acceptor, but anaerobic
oxidation of methane with sulfur is an endergonic
reaction (∼Go′ = +19kJ/mol CH4). However, the 
reaction becomes exergonic at the HS− concentra-
tions (<0.1mM) prevailing in the natural habitats of 
the methanotrophic microorganisms (E′(S°/HS−) =
−120 mV).

AOM and the inhibition of MCR 
by sulfite

All methanogenic Archaea known to date cannot use
sulfate as soulfur source or as terminal electron
acceptor and none of the known sulfate-reducing
Archaea are capable of methanogenesis. Apparently,
methanogenesis and dissimilatory sulfate reduction
in one organism exclude each other. Is there an
explanation for this?

It has been shown that MCR is inactivated by sulfite
(Mahlert et al., 2002a). However, in the presence of
methyl-coenzyme M, due to competitive binding, the
enzyme is largely protected from inactivation. Thus
some methanogens can grow with sulfite as a sulfur
source. However, in microorganisms with dissimila-
tory sulfate reduction the intracellular sulfite concen-
tration is expected to be higher than in organisms
using sulfate or sulfite only as sulfur source. There-
fore, the susceptibility of MCR to inactivation by
sulfite could be an argument why methanogenesis
and dissimilatory sulfate reduction do not occur in the
same microorganism. On the same basis it could be
explained why AOM appears to be preferably cat-
alyzed by syntrophic associations of methanotrophic
Archaea and sulfate-reducing microorganisms.

Anaerobic oxidation of alkanes 
with more than one carbon

In recent years sulfate-reducing Bacteria and deni-
trifying Bacteria have been characterized that can
grow on alkanes with more than one carbon (Aeck-
ersberg et al., 1991; Rueter et al., 1994). None of
these organisms can metabolize methane. In denitri-
fying bacteria the first step in the anaerobic oxida-
tion of alkanes has been shown to be the formation
of 2-alkylsuccinate from the alkane and fumarate
(Rabus et al., 2001; Wilkes et al., 2003). The func-

tionalized alkane is then degraded via β-oxidation
regenerating fumarate. Alkylsuccinate formation is
predicted to be catalyzed by a glycyl radical enzyme
(Spormann & Widdel, 2000; Widdel & Rabus, 2001),
which is neither structurally nor mechanistically
related to MCR. In the proposed catalytic mechanism
the alkane is attacked by a thiyl radical, which is gen-
erated by reaction of a cysteine residue of the
enzyme with the glycyl radical as deduced from
other glycyl radical enzymes (Eklund & Fontecave,
1999; Frey, 2001; Knappe & Wagner, 2001; Krieger
et al., 2001; Becker & Kabsch, 2002; Duboc-Toia 
et al., 2003; Logan et al., 2003; Andrei et al., 2004;
Verfurth et al., 2004). The question is: could such 
a mechanism also work for AOM?

If methane is oxidized via the same mechanism as
alkanes then as first intermediate 2-methylsuccinate
would have to be formed. The formation of 2-methyl
succinate from fumarate and methane is metaboli-
cally attractive, since fumarate can easily be regen-
erated from 2-methylsuccinate via mesaconate,
citramalate, pyruvate plus acetate, oxaloacetate, and
malate via known biochemical reactions. But such a
metabolic pathway for AOM could be problematic
for two independent reasons:
1 In the first step, the reaction of methane with
fumarate to 2-methylsuccinate, a methyl radical
would have to be formed at the expense of a glycyl
radical. The dissociation energy of the C–H bond in
methane (439kJ/mol) is much higher than that of
the C–H bond in glycine, which in glycyl radical
enzymes is predicted to be even lower than the dis-
sociation energy of the S–H bond (365kJ/mol). The
dissociation energy of the C–H bond in methane is
also higher than that at C1 (409kJ/mol) or at C2
(395kJ/mol) of alkanes. The formation of a methyl
radical at the expense of a glycyl radical is thus ther-
modynamically even more unfavorable than that of
an alkyl radical.
2 From bond dissociation energy differences, the
reaction of methane with fumarate to 2-methylsuc-
cinate is predicted to proceed irreversibly and from
the reaction mechanism not to be coupled with
energy conservation. Therefore, most if not all of the
free energy generated during methane oxidation
with sulfate (∆Go′ = −21kJ/mol) would be dissipated
as heat in the first step, leaving not enough energy
to drive the phosphorylation of ADP. However, this
argument holds true only for AOM with sulfate as
electron acceptor. With Fe(III), nitrate, or nitrite, the
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free energy change associated with AOM would be
more than sufficient (see above) to allow the forma-
tion of 2-methylsuccinate in the first step.
Recently evidence has been published that in some
sulfate-reducing bacteria the anaerobic oxidation 
of alkanes could be initiated by the subterminal 
carboxylation of the alkane at the C3 position (So et
al., 2003). Although this mechanism does not apply
to AOM, it is a reminder that there could also be more
than one way to anaerobically oxidize methane.

Conclusions

The presence of high concentrations of methyl-
coenzyme M reductase (MCR) in methanotrophic

Archaea strongly suggests that this enzyme 
catalyzes the first step in the anaerobic oxidation of
methane (AOM). The thermodynamics of the MCR-
catalyzed reaction and the catalytic properties of
MCR from methanogenic Archaea appear to
conform to this proposed function. But since the free
energy change associated with the MCR-catalyzed
reaction and the maximal specific rate of AOM are
not yet known with certainty, it is too early for a
decisive conclusion.

After completion of the script of this chapter 
a paper appeared describing the anaerobic oxidation
of methane with nitrate or nitrite as terminal 
electron acceptor (Raghoebarsing et al., 2006). 
The article was highlighted by Thauer and Shima
(2006).
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Introduction

Enzymatically catalyzed methylation reactions in the living cell (so-called biomethylation), transferring methyl
groups from a donor to an acceptor molecule, are common reactions featuring a high functional importance
for the viability of the cell. They are integrated in various processes, such as signal cascades for controlling
gene activities (e.g. by post-translational modifications of histones and/or by modifying bases of polynu-
cleotides), and in the perception of gradients of chemical and physical agents (e.g. chemo-, photo-, and aero-
taxis of bacteria), thus fulfilling regulation functions; they are involved in the central carbon and energy
metabolism (e.g. reductive acetyl-CoA pathway, methanogenesis); and they are also essential for the syn-
thesis of a number of essential cofactors and prosthetic groups of enzymes. The common methylated atoms
of the acceptor molecules are H, C, N, S, and O, but they also include metal atoms such as Co and Ni.

More recently, interest in the methylation capacity of the cell was evoked by the observation that a plen-
itude of various biologically produced methylated compounds – mainly methyl derivatives of metals and 
metalloids – can be detected in the environment. This is of particular concern because, unlike with organomet-
alloids of anthropogenic origin, whose entry into the environment can be controlled and regulated, the param-
eters affecting biomethylation are not as yet clearly understood.

Methylmetal(loid)s are generally volatile and, with only a few exceptions, they are more toxic than their
inorganic educts owing to their greater hydrophobicity. This results in a higher solubility in, and permeabil-
ity through, cell membranes, leading ultimately to a higher accumulation and greater potential for damage.
One example is trimethylbismuth, for which considerable damaging effects on kidney and central 
nervous system have been described (LD50Rabbit 11mg/kg (i.v.); Sollmann & Seifter, 1939). Others are
monomethylmercury and dimethylmercury, which cause damage to the brain and induce chromosomal 
aberrations. Methylmercury is one of the strongest toxins known (methylmercury: LD50Guinea Pig 7mg/kg (i.p.);
http://physchem.ox.ac.uk/msds/).

Mercury and virtually all group IV, V, and VI elements, with the possible exception of lead, can be bio-
methylated (Gadd, 1993; Bentley & Chasteen, 2002; Thayer, 2002; Craig, 2003).

The first example of biomethylation of a metalloid was given by Gosio (1897), who described the produc-
tion of a toxic, arsenical gas with a garlic-like odor from various “arsenic” fungi (Scopulariopsis bervicaulis (for-
merly Penicillium brevicaule) and various species of Aspergillus, Cephalothecium, Fusarium, Mucor, Sterigmatocystis,
Paecilomyces) when these were grown on organic matter or soil samples containing arsenic compounds. This
compound was later identified as trimethylarsine (Challenger et al., 1933).

It is generally accepted that microorganisms play a predominant role in the biotic synthesis of these com-
pounds. Although biomethylation can also take place under aerobic conditions by the action of various fungi
and Bacteria (S. brevicaulis, various species of Aspergillus, Penicillium; Escherichia coli, various species of Bacillus,
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Analytical techniques for
identification and quantification of

organometal(loid) compounds

Several analytical techniques have been developed
to analyze and quantify metal(loid)-organic deriva-
tives in environmental samples such as wastewater,
soils, and sediments, as well as in laboratory assays.
This allows one to study the formation, conversion,
and degradation of volatile organometal(loid) com-
pounds. Because of their excellent selectivity and
sensitivity, combined (“hyphenated”) techniques
have been widely used to separate volatile
metal(loid) species by coupling a gas chromato-
graphic system to various detectors, such as atomic-
absorption spectrometers (Dirkx et al., 1994),
microwave-induced plasma atomic emission spec-
trometers (Pereiro et al., 1999), and mass spectrom-
eters (Dunemann et al., 1999). These methods
include inductively coupled plasma mass spectrome-
try (ICP-MS; Wickenheiser et al., 1998a). Non-
volatile and ionic species of organometal(loid)
compounds can be extracted from the sample matrix
by solvent extraction or by derivatization by in situ

hydride generation or alkylation before analysis
(Bouyssiere et al., 2002).

We developed a purge-and-trap gas chromato-
graphic system coupled to an inductively coupled
plasma mass spectrometer (PT-GC/ICP-MS). With
this method, the volatile metal(loid) derivatives in
the headspace of the sample are purged with a
helium flow and are trapped on a column (10% SP-
2100, 80/100 mesh, Supelco) cooled to −196°C with
liquid nitrogen. To release matrix gases (such as CO2

and CH4), which would otherwise interfere with the
subsequent analysis, the cryo-focusing trap is heated
to −70°C with ethanol that is cooled with liquid
nitrogen. After refocusing of the analytes on the
chromatographic column (10% SP-2100, 80/100
mesh, Supelco) cooled with liquid nitrogen to 
−196°C, they are separated according to boiling point
by heating the column to 250°C and are then trans-
ferred via a heated transfer line to an ICP-MS (VG
Elemental PQ2, Fisons) as an element-specific detec-
tor. Because of the complete destruction and ioniza-
tion of the analytes in the argon plasma of the
ICP-MS, they are detected as the corresponding
metal(loid) and identified by boiling-point retention-
time correlation. The identities of the species were
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Flavobacterium, Aeromonas; Thayer, 2002), anaerobic habitats such as sediments, wetlands, waste deposits, and
sludge treatment plants seem to be preferred locations for the biogenesis of the volatile metal(loid) deriva-
tives (Feldmann et al., 1994; Feldmann & Hirner, 1995; Wickenheiser et al., 1998b; Michalke et al., 2000).

Several anaerobic Bacteria such as species of Clostridium and various sulfate reducers, as well as faculta-
tively anaerobic bacteria such as species of Pseudomonas or Alcaligenes and Methanoarchaea, could be identi-
fied as versatile producers of methylated metal(loid) derivatives (Cheng & Focht, 1979; Michalke et al., 2000).
First reports of methylation of metal(loid)s by Methanoarchaea go back some way: in 1968 Wood et al. showed
that mercury was methylated by crude extracts of Methanobacterium bryantii, and a little later McBride and
Wolfe (1971) reported an equivalent methylation reaction with arsenate, by the same organism, yielding
dimethylarsine.

In the meantime, much progress in analytical techniques has been made, allowing the analysis of
metal(loid) organic derivatives in environmental samples and laboratory assays to be performed more easily
and with higher precision. Thus, especially in recent years, our knowledge about the formation and conver-
sion of these compounds and about the identity of the producing organisms has increased significantly. Nev-
ertheless, knowledge regarding the mechanism of organometalloid biosynthesis and the real hazards of these
processes is still scarce.

In this chapter we focus on Methanoarchaea as one of the major groups in anaerobic microbial consortia,
and we discuss their role in the biogenesis of volatile methylated metal(loid) derivatives under anaerobic con-
ditions. We present data documenting the versatility of various species of Methanoarchaea with regard to
transforming metal(loid)s into volatile derivatives and we give some details about the biomethylation of
bismuth by these organisms, a metal with increasing importance in technological applications and consumer
products. Finally, the potential of Methanoarchaea as producers of toxic organometal(loid) compounds in the
human intestine – and thus their role as potential pathogens – is discussed.
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confirmed by mass spectrometry of fragments, as
described by Wickenheiser et al. (1998a).

Environmental samples – i.e. soil samples, sewage
sludge samples, or human faecal samples – were
incubated under strictly anaerobic conditions (N2 or
He atmosphere) at appropriate temperatures and 
by moderately shaking in the dark before ICP-MS
analysis. Pure cultures of microorganisms were
spiked with inorganic metal(loid) salts in the early
exponential growth phase (1µM to 1mM of
KH2AsO4, SbCl3, HgCl2, Bi(NO3)3, TeO2, or SeO2,
respectively). The products were analyzed by ICP-MS
from the headspace. As a control, samples of sterilized
media were incubated under the same conditions. 

Versatility of Methanoarchaea in
methylating metal(loid)s

Up to now, the production of methylated
metal(loid)s among the Archaea has only been
reported for several species of Methanoarchaea. The
general capacity of Methanoarchaea to methylate
metals and metalloids was initially documented by
Wood et al. (1968) and McBride and Wolfe (1971),
who demonstrated the methylation of mercury and
the transformation of arsenate to dimethylarsine,
respectively, by cell extracts of the methanogen
strain M.o.H. (now named Methanobacterium 
bryantii).

Screening experiments with growing cultures of
various species of Methanoarchaea spiked with a
mixture of various metal(loid) salts (KH2AsO4, SbCl3,
HgCl2, Bi(NO3)3, TeO2, SeO2) suggested that anti-
mony is generally susceptible to methylation by
methanogens. As shown in Table 25.1, volatile
species of antimony could be identified in all cultures
of methanogens tested and confirm corresponding
results already obtained for Methanoarchaea in
earlier studies (Michalke et al., 2000, 2002).

Surprisingly, the methylation of mercury to
volatile derivatives does not seem to be common in
Methanoarchaea. None of the strains investigated by
Michalke et al., nor the strains in the present study,
produced any volatile methylated mercury deriva-
tives. Thus, the in vitro production of methylmercury
by cell extracts of M. bryantii (Wood et al., 1968)
seems to be the only hint that Methanoarchaea may
possibly be able to biomethylate mercury.

In conclusion, methanogens of various genera are
very versatile in methylation – with the sole excep-
tion of the thermophilic Methanothermobacter ther-
mautotrophicus, which is seemingly able to methylate
only antimony under the conditions used (Table
25.1). However, we could not exclude the possibility
that some volatile metal(loid) derivatives remained
undetected because of their lability at the elevated
growth temperature of this organism (65°C). Since
the production of certain derivatives may depend on
the specific conditions of the assay and does not
allow an absolute assessment of intrinsic biomethy-
lation, Table 25.1 should be regarded as summariz-
ing the minimum methylation capacities of the
organisms tested.

An instructive example, which demonstrates the
influence of extrinsic factors on biomethylation, is
given by Ms. barkeri. As shown in Table 25.1, and
explained in more detail below, the methylation of
bismuth by this methanoarchaeon depends strongly
on the presence of specific chemical compounds in
its environment.

Present knowledge about 
the biochemistry of biomethylation 

in the three domains of life: Bacteria
and Eukarya versus Methanoarchaea

Up to now, only a limited number of mechanistic
investigations of the biomethylation of metal(loid)s
have been reported in the literature, despite the
importance of these reactions. Only for As, Se, Hg,
Bi, and – with some restrictions – for Sb and Te are
detailed data available. Whereas biochemical methy-
lation mechanisms for As, (Sb), Se, (Te), and Hg were
mainly investigated in Bacteria and Eukarya, the
methylation of bismuth has only been analyzed in
Methanoarchaea as yet. The most extensive dataset
exists for arsenic. The arsenic methylation mecha-
nism was deduced about 60 years ago from the
investigation of S. brevicaulis by Challenger (1945).
The so-called “Challenger mechanism” is still
accepted today. It proposes a reaction sequence of
alternating reduction and oxidative methylation
steps. Starting from arsenate, four reduction and
three methylation steps are necessary for the forma-
tion of trimethylarsine (Fig. 25.1). As reductants,
thiols such as glutathione and lipoic acid are 
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Table 25.1 Versatility of Methanoarchaea in methylation of metals/metalloids: volatile metal/metalloid species produced by growing cul-
tures of various Methanoarchaea.

Metal/metalloid

As Bi Se Te Sb Reference

Methanobacterium formicicum AsH3, CH3AsH2, BiH3, CH3BiH2, (CH3)2Se, (CH3)2Te SbH3, CH3SbH2, Michalke et al., 2000
(CH3)2AsH, (CH3)2BiH, (CH3)2Se2 (CH3)2SbH,
(CH3)3As, X (CH3)3Bi (CH3)3Sb

Methanobrevibacter smithii CH3AsH2, CH3BiH2, (CH3)2Se, (CH3)2Te (CH3)3Sb This study
(CH3)2AsH, (CH3)2BiH, (CH3)2SeS,
(CH3)3As (CH3)3Bi (CH3)2Se2, X

Methanococcus vanielli CH3AsH2, CH3BiH2, (CH3)2Se, (CH3)2Te (CH3)3Sb This study
(CH3)2AsH, (CH3)3Bi (CH3)2SeS
(CH3)3As, X

Methanolacinia paynteri n.d. (CH3)2BiH, (CH3)2Se, (CH3)2Te (CH3)3Sb This study
(CH3)3Bi (CH3)2SeS,

(CH3)2Se2, X

Methanolobus tindarius n.d. (CH3)3Bi (CH3)2Se, X (CH3)2Te CH3SbH2, (CH3)3Sb This study

Methanoplanus limicola (CH3)3As (CH3)3Bi (CH3)2Se, (CH3)2Te, X (CH3)3Sb This study
(CH3)2SeS,
(CH3)2Se2, X

Methanosarcina barkeri AsH3, X (CH3)3Bi* (CH3)2Se, n.d. (CH3)3Sb Michalke et al., 2000
(CH3)2Se2

Methanosarcina mazei (CH3)3As (CH3)3Bi (CH3)2Se, (CH3)2Te (CH3)3Sb This study
(CH3)2Se2

Methanosphaera stadtmanae (CH3)2AsH, CH3BiH2, (CH3)2Se, (CH3)2Te (CH3)3Sb This study
(CH3)3As (CH3)2BiH, (CH3)2SeS,

(CH3)3Bi (CH3)2Se2, X

Methanothermobacter AsH3 n.d. n.d. n.d. (CH3)3Sb Michalke et al., 2000
thermautotrophicus

X, unidentified volatile metal(loids); n.d., not detected; *mediated by addition of octamethylcyclotetrasiloxane and the ionophores lasalocide and
monensin (see below). Culture volume 50ml. Medium composition as proposed by DSMZ. Metal(loid) spiked at approx. 106 cells/ml. Head space
of cultures was sampled after 24–72 hours and analyzed by PT-Gc/ICP-MS.
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discussed. Labeling experiments using [14C3]methio-
nine have demonstrated that SAM is the relevant
methyl donor in S. brevicaulis and other fungi (Cullen
& Reimer, 1989; Andrewes et al., 2000).

Most experimental evidence for the enzymatic
catalysis of arsenic methylation comes from mam-
malian systems, where two different reaction path-
ways have been described for transforming arsenite
to dimethylarsinic acid:
1 Methylation and reduction by two different
enzymes identified in rabbit and human liver
(Aposhian et al., 2004; Zakharyan et al., 2005) 
with a methyltransferase responsible for the methy-
lation of arsenite to monomethylarsonate and
monomethylarsonous acid to dimethylarsinic acid
acting in cooperation with a reductase (glutathione
S-transferase omega), which reduces not only
monomethylarsonate to monomethylarsonous acid
but also dimethylarsinic acid to dimethylarsinous
acid, using reduced glutathione as substrate.
2 Methylation and reduction by a bifunctional
enzyme, as found in mouse and rat but also in the
human system (Thomas et al., 2004). This enzyme
(an obvious Cyt19 homologue) not only converts
arsenite to monomethylarsonate and monomethy-
larsonous acid to dimethylarsinic acid using SAM as
methyl donor, but also catalyzes the reduction of
monomethylarsonate to monomethylarsonous acid,
probably using thioredoxin as reductant.
In contrast to eukaryotic arsenic methylation, our
knowledge of the biochemistry of arsenic methyla-
tion by methanogens is only sparse. Despite this, 
the observation by McBride and Wolfe (1971) that
methylcobalamin represents the most suitable

methyl donor for the formation of dimethylarsine in
in vitro assays with cell-free extracts of M. bryantii led
to vigorous discussions as to whether Bacteria and
Archaea in general use methylcobalamin instead of
SAM for methylation (Bentley & Chasteen, 2002).
Apparently, there is no evidence that methyl CoM
could function as methyl donor in Methanoarchaea.

The mechanism of antimony biomethylation has
been little studied up to now. Labeling experiments
indicate that methylation in S. brevicaulis occurs via
SAM, with a dimethylated antimony species as a pos-
sible intermediate product (Andrewes et al., 2000).

In the case of selenium and tellurium, methyla-
tion has been investigated only in Eukarya and 
Bacteria. There appear to be many similarities
between transformations of these elements and
sulfur in both domains, and the same enzymes 
seem to be involved in the reactions methylating
sulfur and selenium/tellurium (Terry et al., 2000). 
The formation of both dimethylselenide and
dimethyltellurium has been proposed to start 
from methylselenomethionine (methylmethionine),
which is synthesized by an S-adenosylmethionine-
dependent methionine methyltransferase. This yields
dimethylselenide/dimethyltellurium (dimethylsul-
phide), either directly by the action of a methyl-
methionine hydrolase or indirectly by the combined
action of a decarboxylase, transaminase, and 
aldehyde dehydrogenase through the formation of
the intermediate dimethylselenonium propionate
(dimethylsulfonium propionate). In mouse and rat
tissues, a further methyl transfer by a S-adenosyl-
methionine:thioether S-methyltransferase has been
reported to generate the trimethylselenonium ion, a
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Fig. 25.1 Challenger mechanism for the biomethylation of arsenate.
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transformation that seems to take place for excretion
purposes (Ganther, 1966; Mozier et al., 1988).

Substantial effort has been invested in the study
of mercury biomethylation, most probably motivated
by the high toxicity of the methylated products,
monomethylmercury and dimethylmercury, and by
some fatal incidents with methylmercury, e.g. in
Japan (Minamata bay; Westoo, 1966; Luke &
Tedeschi,  1982), in Sweden (Borg et al., 1986), and
in Iraq (Bakir et al., 1973).

Sulfate-reducing Bacteria have been the subject of
particular study in this connection, since this physi-
ological group of prokaryotes has been assumed 
to be mainly responsible for the formation of
monomethyl- and dimethylmercury in the environ-
ment. Although previous studies suggest that the
methylation of mercury is closely interlinked with
the acetyl coenzyme A pathway, involving methyl
transfer from methyltetrahydrofolate through
methylcobalamin to Hg2+ (Choi et al., 1994), more
recent investigations (Ekstrom et al., 2003) indicate
that mercury methylation in sulfate-reducing Bacte-
ria also takes place independently of the acetyl co-
enzyme A pathway and does not necessarily require
methylcobalamin.

As mentioned above, the first report of the methy-
lation of mercury by Methanoarchaea was made by
Wood et al. (1968). These authors observed a methy-
lated mercury derivative (presumably (CH3)2Hg)
upon incubation of crude extracts of M. bryantii in
the presence of methylcobalamin and concluded that
the methyl transfer is mainly enzyme-catalyzed.
However, no mechanistic details were given, and
neither was the in vivo methyl donor definitively
identified.

Mechanistic studies of 
the biomethylation of bismuth 

by Methanoarchaea

Interest in the biomethylation of bismuth has been
evoked only recently, on account of its increasing
importance in technological application as an addi-
tive in glass and ceramics, as well as in the cosmetic
and pharmaceutical industries, resulting conse-
quently in an increasing load of bismuth in waste
water and in sewage sludge at concentrations of 1–
5mg/kg dry weight (Michalke et al., 2000).

As a further consequence of the frequent applica-
tion of bismuth and its well known susceptibility to
biomethylation, a methylation product, trimethylbis-
muth ((CH3)3Bi) occurs in rather high concentrations
in sewage and landfill gases (up to 25µg/m3; 
Feldmann et al., 1994). Of special ecotoxicological 
relevance is the high susceptibility of bismuth for
methylation, as demonstrated by its conversion in
sewage sludge. The turnover of bismuth in this rather
complex habitat of sewage sludge has been reported
to be some 4000 times faster than that of tin (Michalke
et al., 2003). Since (CH3)3Bi shows toxic effects in
animal experiments (Sollmann & Seifter, 1939), the
reaction of bismuth to its permethylated product is of
high interest with regard to public health.

In vivo studies of the biochemistry of bismuth
methylation have been performed using M. formici-
cum (Michalke et al., 2002), a known representative
of the anaerobic sewage sludge microflora in munic-
ipal waste-water treatment plants. In in vivo experi-
ments with batch cultures, the formation of the
volatile and non-volatile reaction products was fol-
lowed after addition of 0.1µM Bi(NO3)3 in the early
exponential growth phase, and the methane pro-
duction was monitored as a measure of the 
physiological activity of the culture. As shown in 
Fig. 25.2, (CH3)3Bi was identified as the dominant
volatile compound – with a production of approxi-
mately 150ng in a 50ml culture over a 7-week incu-
bation. The partially methylated volatile derivatives
monomethyl- and dimethylbismuthine, together
with bismuthine itself, evolved at significantly lower
rates. Since these products occurred mainly in the
stationary phase, when the (CH3)3Bi production has
already ceased, they probably do not represent inter-
mediates of the reaction, but are instead the result of
competing reactions occurring predominantly under
the changed conditions of the stationary phase. As a
hypothesis, we suppose that the formation of the
partially methylated products, including bismuthine,
may be favored by a higher supply of hydride ions
during the stationary phase.

In addition to the volatile product (CH3)3Bi, the
non-volatile ionic derivatives [(CH3)2Bi+] and
[CH3Bi2+] in addition to [Bi3+] were also observed
(Fig. 25.3). We suppose that these ionic species rep-
resent intermediates that react further, either to bis-
muthine, to the partially methylated bismuthines, or
to (CH3)3Bi, depending on the ratio between hydride
ions and methyl groups available.
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Thus, the methylation pathway for bismuth can
be described in the simplest case as a consecutive
methylation of [Bi3+] up to volatile (CH3)3Bi or –
including competing reactions with hydride ions as
proposed – as a branched pathway resulting in the

by-products bismuthine or mono- or dimethylbis-
muthine (Fig. 25.4). The proposed pathway would
be an alternative to the Challenger mechanism char-
acterized by alternating reduction and methylation
steps (see above).
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Influence of environmental 
conditions on biomethylation: the

effect of cyclic polydimethylsiloxanes
(cyclic PDMS) on the methylation of

bismuth by Ms. barkeri

Motivated by the observation that the emission of
(CH3)3Bi in sludge stabilization plants is increased by
the presence of certain chemicals such as cyclic poly-
dimethylsiloxanes (cyclic PDMSs; data not shown),
we investigated the influence of cyclic PDMSs on 
the biomethylation in more detail. These crown-
ether-like molecules are high-volume chemicals and
are heavily used in medicinal products, food, and
personal care products. As a consequence of their
frequent application, concentrations up to 500mg/kg
of these compounds can be found in sewage sludges
(Fendinger et al., 1997).

As shown in pure-culture experiments, cyclic
PDMSs – like octomethylcyclotetrasiloxane (OMCTS)
– are indeed strong stimulators of biomethylation of
bismuth. Especially striking effects could be found for
Ms. barkeri, which was seemingly unable to produce
(CH3)3Bi without OMCTS (Table 25.1) but showed, in
the presence of that compound, production rates
similar to those of M. formicicum, which synthesizes
(CH3)3Bi without OMCTS. Thus, in a methylation
assay with 5µM Bi(NO3)3, a 50ml culture of Ms. barkeri
in the presence of 0.07nM OMCTS produced 4.4nmol
(CH3)3Bi in 35 days; this is comparable to the produc-
tion of 3.6nmol by M. formicicum.

We have shown previously that OMCTS does not
serve as a methyl donor in bismuth biomethylation
(Wickenheiser et al., 2000), indicating that the
observed methylation stimulation by OMCTS is
instead due to indirect effects.

As yet, the mechanism by which OMCTS stimu-
lates bismuth methylation is not clear, but the struc-
tures of these cyclic compounds suggest that they can
chelate metal ions, which could support the pene-
tration of bismuth through the cell membrane. This
assumption is supported by the observation that
known ionophores, such as monensin or lasalocide,
caused similar effects on Ms. barkeri. These
ionophores increased the biomethylation to a com-
parable extent (Michalke et al., in preparation). 
Consequently, we assume that the methylation of
bismuth is a direct response to the intracellular con-

centration of bismuth and thus represents some kind
of self-defense by volatilizing and removing the toxic
metal from the cytoplasm. Possibly, the differences
between organisms methylating with or without
adjuvants are caused by different membrane perme-
abilities for the respective metal(loid).

On the other hand, these observations also
emphasize the general influence of environmental
factors on biomethylation processes and the result-
ant ecotoxicological and medical hazards.

Health concerns regarding
biomethylation: Methanoarchaea 

as pathogens?

As shown above, the transformation of metal(loid)s
to volatile toxic methylated derivatives seems to be
a common property of Methanoarchaea, and there-
fore this metabolic property should be considered in
any evaluation of their impact on health and ecology.
However, a reliable assessment of the hazards 
caused by these organisms remains difficult. Conse-
quently, we here confine ourselves to some sugges-
tions regarding the risks of the biomethylating
methanogens in various scenarios. The main criteria
for a risk assessment are: (i) the toxicity of the
emitted volatile compounds themselves; (ii) the 
concentration of the compounds reached in the gas
phase, which is dependent upon the production rate
and affected by dilution (which occurs through con-
vection) and the decay rate; (iii) accumulation of the
compound in or by organisms; and (iv) biotic and
abiotic conversion processes leading to a modifica-
tion of their toxicity. We examine the special case of
(CH3)3Bi, the dominant product of bismuth methy-
lation by the majority of the Methanoarchaea inves-
tigated here. This compound is known to be toxic,
causing encephalopathic symptoms in animal 
experiments. Fatal effects have been observed with
rats and rabbits after exposure to a concentration 
of approximately 200–300mg/m3 of (CH3)3Bi 
(Sollmann & Seifter, 1939). Considering, however,
that (i) the concentration of (CH3)3Bi found in gases
evolved in sludge stabilization plants is rather low
(around 25µg/m3; Feldmann et al., 1994), (ii) the
compound, once formed, would immediately be
diluted by convection flows, and (iii) the compound
exhibits only moderate stability in air (half-life<17
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hours) (Michalke et al., 2002), one would expect 
that the biomethylation of bismuth under these 
conditions should present little hazard. Nevertheless,
it should not be forgotten that we do not yet 
know whether (CH3)3Bi can be bioaccumulated, or
whether there are conversion processes that notably
increase its toxicity.

Certainly, a more dangerous situation arises in
closed reaction systems or in compartments or tissues
of organisms, where significant accumulation of
volatile compounds could take place and where
absorption effects further increase their concentra-
tion. Such a promotion of biomethylation could take
place in the (commonly) strictly anaerobic intestine of
various animals, a well known habitat for Methanoar-
chaea in invertebrates and vertebrates, including
humans (Wolin, 1981; Hackstein & Stumm, 1994). It
has already been suggested that intestine microflora
could be involved in the transformation reactions of
bismuth to derivatives that undergo faster absorption
by the human body; this suggestion was prompted by
bismuth poisoning during medical therapy, causing
mainly renal failures or mental disorders (Slikkerveer
& Wolff, 1989) – symptoms similar to those observed
following (CH3)3Bi inhalation by cats and dogs (Soll-
mann & Seifter, 1939).

In ex situ studies of faecal samples of human vol-
unteers we were able to show that bismuth from

ingestion of the drug Telen® (containing bismuth
subcitrate; bismuth content 215mg/tablet) is in fact
converted to (CH3)3Bi under anaerobic conditions.
Under the rather non-physiological conditions of
these ex situ assays, a (CH3)3Bi production of approx-
imately 0.5µg Bi per kg of faeces (wet weight) was
observed; this corresponded to some 1–2% of the
specific production in the pure-culture assays with
M. formicicum (incubation in the presence of 0.1µM
Bi(NO3)3 over 35 days). Presumably, the biomethyla-
tion in the intestine, which is probably more exten-
sive in vivo, is also the cause for the occurrence of
(CH3)3Bi in the exhaled breath of the volunteers.
Although the observed concentration (up to 0.5µg/
m3) seems fairly harmless, we cannot exclude the
possibility that the measured content in breath
signals an already critical accumulation in the body,
which could result in more or less severe damage to
health.

The organisms responsible for the (CH3)3Bi pro-
duction in the faeces samples have not been as yet
identified. However, since Mb. smithii and Msp. stadt-
manae, both typical inhabitants of the human gut
(Miller & Wolin, 1982, 1985), are able to synthesize
(CH3)3Bi in pure-culture assays (Table 25.1), we
suggest that Methanoarchaea are in general involved
in the intestinal production of (CH3)3Bi – and thus
deserve the attribute “pathogenic.”
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Introduction

The application of enzymes and microorganisms for the sustainable production of chemicals, biopolymers,
and fuels from renewable resources, also defined as industrial (white) biotechnology, offers great opportuni-
ties for the chemical and pharmaceutical industries. White biotechnology aims at the reduction of waste,
energy input, and raw materials to improve the environmental friendliness of processes. The majority of the
industrial enzymes used to date have been derived from Bacteria and fungi. The global annual enzyme market
has been estimated to be around 5 billion euros. In the case of Archaea, which represent the third domain
of life, only a few enzymes have found their way to the market. Since many representatives of this group 
are able to grow optimally under extreme conditions, they are an interesting source of stable enzymes
(extremozymes). Based on the unique stability of their enzymes at high temperature and pressure, at extremes
of pH and salinity, and in the presence of organic solvents, detergents, and heavy metals, they are expected
to be a powerful tool in industrial biotransformation processes that run in harsh conditions. Tailor-made
enzymes are needed for various industrial applications, such as food, feed, textile, paper, pharmaceuticals,
and fine chemistry. The recent development in the energy sector underlines the relevance of Archaea in indus-
trial biotechnology, especially by using their enzymes for the utilization of renewable resources such as cel-
lulose, hemicellulose, starch, and lignin. In order to meet future challenges, innovative technologies for the
production of new generations of enzymes and bioprocesses are needed. In this chapter we focus on
extremophilic Archaea and their relevance for industrial biotechnology.

Extremophilic Archaea as a source of
enzymes and other compounds

Extreme environments, such as geothermal sites
(80–121°C), polar regions (−20 to +20°C), acidic (pH
<4) and alkaline (pH<8) springs, saline lakes (2–5M
NaCl), and the cold pressurized depths of the oceans
(<5°C), are promising sources of unique micro-
organisms and their enzymes. The majority of
extremophiles, identified to date, belong to the
archaeal domain (nearly 300 species), which consists
of four kingdoms: Crenarchaeota, Euryarchaeota,
Korarchaeota, and Nanoarchaeota. The recently 
discovered nanosized, parasitic, hyperthermophilic

archaeon Nanoarchaeum equitans grows in co-culture
with the crenarchaeon Ignicoccus sp. Another symbi-
otic psychrophilic crenarchaeon, Cenarchaeum sym-
biosum, inhabits a marine sponge. Thermophiles
(growth 50–80°C) and hyperthermophiles (80–
113°C) are widely distributed in the archaeal
domain. Interestingly, methanogens are able to grow
up to 110°C (Methanopyrus kandleri) or below 0°C
(Methanogenium frigidum). Some members of Archaea
can also survive under two extreme conditions,
namely high temperature and low pH (50–90°C, pH
0–4) (e.g. Acidianus, Ferroplasma, Picrophilus, Sul-
folobus, and Thermoplasma). These thermoacidophiles
provide interesting enzyme systems and cell compo-
nents that are active at elevated temperatures and

26
Biotechnology

Ksenia Egorova and Garabed Antranikian

GAR26  9/15/06  4:47 PM  Page 295



acidic conditions. Various archaeal strains can also
tolerate other extreme conditions, such as high pres-
sure (Paleococcus ferrophilus, Thermococcus barophilus),
high levels of radiation or toxic compounds (Pyrococ-
cus furiosus), or low water and nutrient supply
(Halobacterium sp.).

Biocatalysts from Archaea

Starch processing enzymes: biochemistry
at the boiling point of water

Many archaeal enzymes involved in carbohydrate
metabolism, particularly those of the glucosyl hydro-
lase family, are of industrial interest. The starch-
processing industry, which converts starch into more
valuable products such as dextrins, glucose, fructose,
maltose, and trehalose, can profit from thermostable
enzymes. In all starch-converting processes, high
temperatures are required to dissolve starch and
make it accessible to enzymatic hydrolysis. The syn-
ergetic action of thermostable amylolytic enzymes
results in an advantage to those processes, lowering
the cost of sugar syrup production. Extremophilic
Archaea have been shown to be a good source for
the production of a number of starch-degrading
hydrolases.
Amylases, glucoamylases, and a-glucosidases
α-Amylase (α-1,4-glucan-4-glucanohydrolase; EC
3.2.1.1) hydrolyzes linkages in the interior of the
starch polymer in a random fashion, which leads to
the formation of linear and branched oligosaccha-
rides. The sugar-reducing groups are liberated in the
α-anomeric configuration. Most starch-hydrolyzing
enzymes belong to the α-amylase family that con-
tains a characteristic catalytic (β/α)8-barrel domain.
Throughout the α-amylase family, only eight amino
acid residues are invariant, seven at the active site
and a glycine in a short turn. A variety of amylolytic
enzymes has been detected in thermophilic and
halophilic archaea (Table 26.1). Extremely thermo-
stable α-amylases have been characterized from 
a number of hyperthermophilic Archaea belonging
to the genera Methanocaldococcus, Pyrococcus, 
Sulfolobus, and Thermococcus (Antranikian et al.,
2005). The thermostability of the enzymes is often
enhanced in the presence of divalent metal ions. 

The optimal temperatures for the activity of these
enzymes range between 80 and 100°C. The high
thermostability of the pyrococcal extracellular α-
amylase (thermal activity even at 130°C and after
autoclaving for 4 hours at 120°C) and α-amylase
from Methanocaldococcus jannashii (temperature
optimum 120°C, half-life of 50 hours at 100°C)
makes these enzymes interesting candidates for
industrial applications (Kim et al., 2001). α-Amylases
with lower thermostability have been isolated 
from the Archaea Thermococcus profundus, Thermococ-
cus kodakaraensis, and the halophilic Archaea of the
genera Haloarcula, Haloferax, Halothermothrix, and
Natronococcus sp. Ah-36. Amylases from halophiles
could be used in processes running at high salt con-
centrations and hydrophobic organic solvents. The
α-amylase from Haloarcula sp. S-1 exhibits its
maximal activity at 4.3M NaCl and is stable in
benzene, toluene, and chloroform (Fukushima et al.,
2005). The use of α-amylases in detergents for
medium-temperature laundering demands enzymes
with high stability and activity at alkaline conditions.
The α-amylase from Haloferax mediterranei is highly
stable, having a half-life of 240 days at pH 10 
(Perez-Pomares et al., 2003). A maltotriose-forming
amylase from Natronococcus sp. Ah-36 with maximal
activity at pH 8.7, 55°C, and 2.5M NaCl was
expressed in the halophilic archaeon Haloferax vol-
canii (Kobayashi et al., 1994).

Unlike α-amylase, the production of glucoamylase
seems to be very rare in Archaea (Table 26.1). 
Glucoamylases (EC 3.2.1.3) hydrolyze terminal 
α-1,4-linked-D-glucose residues successively from
non-reducing ends of the chains, releasing β-D-
glucose. An ideal catalyst for starch liquification
should be optimally active at 100°C and pH 4.0–5.0
without requiring calcium for the stabilization of the
enzyme. Therefore, intensive experiments have been
carried out to identify glucoamylases in Archaea.
Recently, it has been shown that the thermoaci-
dophilic Archaea Thermoplasma acidophilum,
Picrophilus torridus, and Picrophilus oshimae produce
heat- and acid-stable extracellular glucoamylases.
The purified archaeal glucoamylases are optimally
active at pH 2 and 90°C. Catalytic activity is still
detectable at pH 0.5 and 100°C. These enzymes are
more thermostable than already described
glucoamylases from Bacteria, yeasts, and fungi. 
This has been the first report on the production of
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Table 26.1 Archaeal enzymes with potential applications in starch processing.

MW Topt Thermostability Possible
Enzymes Strain (kDa) (°C) pHopt (half-life) applications References

Starch-processing
α-Amylase Desulfurococcus mucosus 100 5.5 Bread and baking Antranikian et al., 2005

Haloarcula sp. S-1 70 50 7 industry, starch Fukushima et al., 2005
Halobacterium salinarum liquefaction and Margesin & Schinner, 

saccharification, 2001
Haloferax mediterranei 58 50–60 7–8 10h at 50 °C production of Perez-Pomares et al., 2003
Halothermothrix orenii 62 65 7.5 glucose, fructose Mijts & Patel, 2002
Methanocaldococcus jannaschii 120 5–8 50h at 100 °C for sweeteners, Kim et al., 2001
Natronococcus sp. Ah-36 74 55 8.7 textile desizing, Antranikian et al., 2005
Pyrococcus furiosus (intracell.) 76 92 7 paper industry, Antranikian et al., 2005
Pyrococcus furiosus (extracell.) 100 100 5.5–6 13h at 98 °C synthesis of Antranikian et al., 2005
Pyrococcus woesei (struct.) 68 100 5.5 oligosaccharides, Antranikian et al., 2005
Pyrodictium abyssi 100 5 detergent Antranikian et al., 2005
Staphylothermus marinus 100 5 application, gelling, Antranikian et al., 2005
Sulfolobus solfataricus 240 thickening in Antranikian et al., 2005
Thermococcus aggregans 95 6.5 food industry Antranikian et al., 2005
Thermococcus celer 90 5.5 Antranikian et al., 2005
Thermococcus hydrothermalis 49 75–85 5–5.5 4h at 90 °C Antranikian et al., 2005
Thermococcus profundus 43 80 5–6 3h at 80 °C Antranikian et al., 2005

(amyS)
Thermococcus kodakaraensis 49.5 90 6.5 24h at 70 °C

Glucoamylase Methanocaldococcus jannaschii 80 6.5 Uotsu-Tomita et al., 
2001

Picrophilus oshimae 140 90 2 20h at 90 °C Serour & Antranikian, 
(extracell.) 2002

Picrophilus torridus 133 90 2 24h at 90 °C Serour & Antranikian, 
(extracell.) 2002

Picrophilus torridus (intracell.) 312 50 5 4h at 55 °C Antranikian, 
unpublished

Thermoplasma acidophilum 141 90 2 24h at 90 °C Serour & Antranikian, 
(extracell.) 2002

Thermoplasma acidophilum 140 75 5 40h at 60 °C Antranikian, 
(intracell.) unpublished

Sulfolobus solfataricus 250 90 5.5–6 Kim et al., 2004
(Continued)
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Table 26.1 Archaeal enzymes with potential applications in starch processing.—cont’d

MW Topt Thermostability Possible
Enzymes Strain (kDa) (°C) pHopt (half-life) applications References

α-Glucosidase Ferroplasma acidiphilum 57 55–60 2.4–3.5 Ferrer et al., 2005
Pyrococcus furiosus 125 115 5.5 Eichler, 2001
Pyrococcus woesei 90 110 5–5.5 Antranikian et al., 2005
Sulfolobus shibatae 313 85 5.5 6h at 80 °C Leveque et al., 2000
Sulfolobus solfataricus 80 105 4.5 39h at 85 °C Rolfsmeier et al., 1998
Thermococcus hydrothermalis 57 120 5.5 Antranikian et al., 2005
Thermococcus sp. AN1 63 120 7 Eichler, 2001
Thermococcus zilligii 75 7 Leveque et al., 2000

Pullulanase type II Desulfurococcus mucosus 74 85 5 0.8h at 85 °C Antranikian et al., 2005
Pyrococcus furiosus 90 105 6 Antranikian et al., 2005
Pyrococcus woesei (struct.) 90 100 6 Antranikian et al., 2005
Pyrodictium abyssi 100 9 Niehaus et al., 1999
Thermococcus celer 90 5.5 Niehaus et al., 1999
Thermococcus hydrothermalis 128 95 5.5 Antranikian et al., 2005
Thermococcus litoralis 119 98 5.5 Antranikian et al., 2005
Thermococcus sp. ST489 80–95 Leveque et al., 2000

Pullulan hydrolase Pyrococcus furiosus 77.2 90 5 2h at 95 °C Yang et al., 2004
Thermococcus aggregans 80 95 6.5 2.5h at 100 °C Niehaus et al., 2000
Thermococcus profundus 43 90 5.5 6.7h at 90 °C Antranikian et al., 2005

(amyL)

Cyclodextrin Thermococcus kodakaraensis 77 80 5.5–6 0.33h at 100 °C Rashid et al., 2002
glucanotransferase Thermococcus sp. 83 90–110 5–5.5 0.66h at 110 °C Tachibana et al., 1999

Amylomaltase Pyrobaculum aerophilum 95 6.7 Kaper et al., 2005
Thermococcus litoralis (struct.) 87 90 6 Imamura et al., 2001

Trehalosyl dextrin- Sulfolobus solfataricus 87 75 5 2h at 85 °C Fang et al., 2004
forming enzyme

Maltooligosyl Sulfolobus acidocaldarius 84 75 5 72h at 80 °C Gueguen et al., 2001
trehalose synthase

(struct.): the protein is crystallized and the three-dimensional structure is determined.
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glucoamylase in Archaea. These enzymes are of
interest for applications in the beverage industry
(Serour & Antranikian, 2002). However, the lack of
suitable genetic methods for thermoacidophiles has
precluded structural studies aimed at discovering
their adaptation to very low pH. Recently, the gene
encoding a putative glucoamylase from Sulfolobus sol-
fataricus was cloned and expressed in E. coli, and the
properties of the recombinant protein were exam-
ined in relation to the glucose production process
(Kim et al., 2004). This recombinant enzyme is
extremely thermostable, with an optimal tempera-
ture of 90°C; however, it is most active in a slightly
acidic pH range from 5.5 to 6.0. The tetrameric
enzyme liberates β-D-glucose from maltotriose, and
the substrate preference for maltotriose distinguishes
this enzyme from fungal glucoamylases. Genome
analysis of other thermoacidophiles revealed further
putative glucoamylases, which were cloned and
expressed in E. coli. Thus, the recombinant intracel-
lular glucoamylase from Methanocaldococcus jannashii
is optimally active at pH 6.5 and 80°C (Uotsu-Tomita
et al., 2001). In our laboratory, the intracellular 
glucoamylases from the extreme thermoacidophiles
Picrophilus torridus and Thermoplasma acidophilum
have recently been cloned; the enzymes are opti-
mally active at 50–75°C and pH 5 (Antranikian,
unpublished results).

α-Glucosidases (EC 3.2.1.20) attack the α-1,4
linkages of oligosaccharides that are produced by 
the action of other amylolytic enzymes. Unlike glu-
coamylase, α-glucosidase prefers smaller oligosac-
charides (e.g. maltotriose) and liberates glucose 
with an α-anomeric configuration. Intracellular and
extracellular α-glucosidases have been purified and
characterized from Archaea belonging to the genera
Pyrococcus, Sulfolobus, and Thermococcus (Table 26.1)
(Antranikian et al., 2005). The enzymes exhibit
optimal activity at pH 4.5–7.0 over a temperature
range from 105 to 120°C. The recombinant α-glu-
cosidase from Sulfolobus solfataricus with a calculated
size of 80.5kDa hydrolyzes p-nitrophenyl-D-glu-
copyranoside (Rolfsmeier et al., 1998). At pH 4.5 it
exhibits a pH optimum for maltose hydrolysis. Unlike
maltose hydrolysis, glycogen was hydrolyzed effi-
ciently at the intracellular pH of the organism (pH
5.5). The recombinant α-glucosidase exhibits greater
thermostability than the native enzyme, with a half-
life of 39 hours at 85°C at a pH of 6.0. Recently, a
novel α-glucosidase from the extreme acidophilic

Ferroplasma acidiphilum was characterized (Ferrer 
et al., 2005). The highest α-glucosidase activity was
detected at pH 2.4–3.5, with <74% activity remain-
ing at pH 1.5. Iron was found to be essential for enzy-
matic activity and His30 was shown to be responsible
for iron binding.

Thermoactive pullulanase, CGTase, and amylomaltase
Enzymes capable of hydrolyzing α-1,6 glucosidic
bonds in pullulan and branched oligosaccharides 
are defined as pullulanases. On the basis of substrate
specificity and product formation, pullulanases 
have been classified into three groups: pullulanase
type I, pullulanase type II, and pullulan hydrolases.
Pullulanase type I (EC 3.2.1.41) specifically
hydrolyzes the α-1,6-linkages in pullulan as well 
as in branched oligosaccharides (debranching
enzyme); its degradation products are maltotriose
and linear oligosaccharides, respectively. Pullulanase
type I is unable to attack α-1,4 linkages in α-glucans.
Pullulanase type II (amylopullulanase) attacks α-
1,6-glycosidic linkages in pullulan and branched 
α-glucans. Unlike pullulanase type I, this enzyme
also attacks α-1,4 linkages in branched and 
linear oligosaccharides. The enzyme has multiple
specificity and is able to fully convert polysaccharides
(e.g. amylopectin) to small sugars (e.g. glucose,
maltose, maltotriose) in the absence of other
enzymes, such as α-amylase or β-amylase
(Antranikian et al., 2005).

Interestingly, pullulanase type I has not been iden-
tified in Archaea so far, whereas the enzyme has
been characterized in several thermophilic Bacteria.
Thermostable and thermoactive pullulanases type II
from Desulfurococcus mucosus, Pyrococcus furiosus, Pyro-
coccus woesei, and Thermococcus hydrothermalis have
been reported to have temperature optima between
85 and 105°C (Table 26.1), as well as remarkable
thermostability even in the absence of substrate and
calcium ions (Antranikian et al., 2005). In the pres-
ence of calcium ions the pullulanase activity was also
measured at 130–140°C. On the basis of the amino
acid sequences, the pullulanases from Thermococcus
hydrothermalis and Pyrococcus furiosus belong to family
57 (GH-57) of the glycoside hydrolases. Five con-
served regions were identified, which are postulated
to be GH-57 consensus motifs by comparison to 
the 659 amino-acid-long 4-α-glucanotransferase
from Thermococcus litoralis. These motifs correspond 
to 13_HQP (region I), 76_GQLEIV (region II),
120_WLTERV (region III), 212_HDDGEKFGVW
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(region IV), and 350_AQCNDAYWH (region V). The
third and fourth conserved regions contain the hypo-
thetical catalytic nucleophile E291 and the proton
donor D394, respectively. To validate this prediction,
the characterization of catalytic sites of certain
members of GH-57 has been investigated. Site-
directed mutagenesis performed on the pullulanase
from Thermococcus hydrothermalis reveals that both
residues are indeed critical for the pullulanolytic and
amylolytic activities of the pullulanase (Zona et al.,
2004). The crucial role of E291 as the catalytic nucle-
ophile has been also confirmed for the pullulanase
from Pyrococcus furiosus (Kang et al., 2004). The
apparent catalytic efficiencies (kcat/Km) of mutants
E291Q and D394N on pullulan were 123.0 and 24.4
times lower than that of the native enzyme. The
activity of mutant E396Q on pullulan was too low to
allow reliable determination of its catalytic efficiency.
The apparent specific activities of these enzymes on
starch also decreased by 91.0 times (E291Q), 11.7
times (D394N), and 37.2 times (E396Q). The
hydrolytic patterns for pullulan and starch were the
same, while the hydrolysis rates differed as reported.
Therefore, these data strongly suggest that the
bifunctionality of the pullulanase type II is deter-
mined by a single catalytic center. Due to the dual
specificity of amylopullulanases to degrade both α-
1,4- and α-1,6-glucosidic linkages they cannot be
used as debranching enzymes in maltose and glucose
syrup production. It is proposed that these archaeal
enzymes are promising candidates to optimize starch
liquefaction for producing fermentation syrups.
Since the major products of the amylpullulanase
action on starch are maltose, maltotriose, and mal-
totetraose, they can be applied as biocatalysts in a
one-step liquification–saccharification process to
obtain syrups of these molecules.

The third class of pullulan-hydrolyzing enzymes
includes pullulan hydrolases type I, II, and III. 
Pullulan hydrolases I and II are active toward α-1,4
linkages of amylose, starch, aand pullulan, but are
unable to hydrolyze α-1,6 linkages. An exception is
pullulan hydrolase type III. This enzyme attacks 
α-1,4 as well as α-1,6 linkages of pullulan. The
enzymes from Pyrococcus furiosus (AmyL), Thermococ-
cus aggregans, and Thermococcus profundus (Table 26.1)
exhibit maximal activity at 90°C and pH 5.5–6.5 and
are stable for several hours at 95–100°C. In addition,
the pullulan hydrolase from Pyrococcus furiosus
degrades β-cyclodextrin.

Cyclodextrin glucosyltransferase (CGTase; EC
2.4.1.19) converts starch and oligodextrins into
cyclodextrins, which are composed of 6 (α), 7 (β), or
8 (γ) α-1,4 linked glucose molecules. The internal
cavities of cyclodextrins are hydrophobic and they
can encapsulate hydrophobic molecules. Ther-
mostable CGTases are generally found in Bacteria
and were recently discovered in Archaea. The
archaeal enzyme found in Thermococcus sp. is opti-
mally active at 90–110°C (Table 26.1). During an
incubation for 24 hours at 96°C and pH 4.5 with
30% corn-starch (wt/vol) the enzyme converts
34.4% of starch into cyclodextrins, and the produc-
tion ratios are 69% α-cyclodextrin, 20% β-cyclodex-
trin, and 11% γ-cyclodextrin (Tachibana et al.,
1999). On the other hand, the main cyclodextrin
formed by the action of the CGTase from Thermococ-
cus kodakaraensis is β-cyclodextrin (Rashid et al.,
2002).

Amylomaltases (EC 2.4.1.25, 4-α-glucanotrans-
ferase) catalyze the transfer of a segment of an α-1,4-
D-glucan to the reducing end of an acceptor, which
may be glucose or another α-1,4-D-glucan. Acting
upon starch, amylomaltases can produce products of
commercial interest, such as cycloamylose and ther-
moreversible starch gel, which can be used as a sub-
stitute for gelatin. In combination with α-amylase,
the amylomaltases produce syrups with reduced
sweetness and low viscosity (Kaper et al., 2004). The
only archaeal amylomaltases known to date are the
enzymes from Pyrobaculum aerophilum and Thermo-
cocccus litoralis. The thermostable amylomaltase from
Pyrobaculum aerophilum produces a thermoreversible
starch product with gelatin-like properties (Kaper et
al., 2005). The enzyme from Thermococccus litoralis
produces linear α-1,4-glucans and a cycloamylose
(cyclic α-1,4-glucan) with a high degree (up to hun-
dreds) of polymerization. The residue Glu-123 was
identified as the catalytic nucleophile of the enzyme,
suggesting that family 57 and 38 glycoside hydrolases
may have a common ancestor (Imamura et al.,
2001).

The finding of novel thermostable starch-modify-
ing enzymes will be a valuable contribution to the
starch-processing industry. By using robust enzymes
from thermophiles, innovative and environmentally
friendly processes can be developed, aiming at the
formation of products of high added value for the
food and pharmaceutical industries. At elevated tem-
peratures starch is more soluble (30–35% wt/vol)
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and the risk of contamination is reduced. This is of
advantage when starch is to be converted to high
glucose and fructose syrups. Industrial production of
fructose from starch consists of three steps: liquefi-
cation, saccharification, and isomerization. This mul-
tistage process (step 1, pH 6.5, 98°C; step 2, pH 4.5,
60°C; step 3, pH 8.0, 65°C) leads to the conversion
of starch to fructose, with concurrent formation of
high concentrations of salts that have to be removed
by ion exchangers. Furthermore, high energy is
required for cooling from 100 to 60°C in step 2. The
application of thermostable enzymes such as amy-
lases, glucoamylases, pullulanases, and glucose iso-
merases, which are active and stable above 100°C
and at acidic pH values, can simplify this complicated
process. The use of the extremely thermostable amy-
lolytic enzymes can lead to other valuable products,
which include innovative starch-based materials
with gelatin-like characteristics and defined linear
dextrins that can be used as fat substitutes, texturiz-
ers, aroma stabilizers, and prebiotics. CGTases are
used for the production of cyclodextrins that can be
used as a gelling, thickening, or stabilizing agent in
jelly desserts, dressings, confectionery, and dairy and
meat products. Due to the ability of cyclodextrins to
form inclusion complexes with a variety of organic
molecules, cyclodextrins improve the solubility of
hydrophobic compounds in aqueous solution. This is
of interest for the pharmaceutical and cosmetic
industries. Cyclodextrin production is a multistage
process in which starch is first liquefied by a heat-
stable amylase and in the second step a less ther-
mostable CGTase from Bacillus sp. is used. The
application of heat-stable CGTase from the Thermo-
coccus species in jet cooking, where temperatures up
to 105°C could be achieved, will allow liquefication
and cyclization to take place in one step (Biwer 
et al., 2002).

Another promising application of archaeal
enzymes is the production of a disaccharide tre-
halose, a stabilizer of enzymes, antibodies, vaccines,
and hormones. The use of thermoactive enzymes in
the process would eliminate problems associated
with viscosity and sterility. The process was devel-
oped to produce trehalose from dextrins using Sul-
folobus enzymes at 75°C in a continuous bioreactor,
with a final conversion of 90% (Schiraldi et al.,
2002). Recently, the trehalose biosynthetic pathway
was identified in Sulfolobales and the responsible
enzymes were cloned and expressed in E. coli (de

Pascale et al., 2002; Schiraldi et al., 2002; Fang et al.,
2004).

Cellulose-degrading enzymes

Cellulose is the most abundant organic biopolymer
in nature, since it is the structural polysaccharide of
the cell wall in the plant kingdom. It consists of
glucose units linked by β-1,4-glycosidic bonds with a
polymerization grade of up to 15,000 glucose units
in a linear mode. The minimal molecular weight of
cellulose from different sources has been estimated
to vary from about 50,000 to 2,500,000g/mol in dif-
ferent species, which is equivalent to 300–15,000
glucose residues. Although cellulose has a high affin-
ity to water, it is completely insoluble in it. Natural
cellulose compounds are structurally heterogeneous
and have both amorphous and highly ordered crys-
talline regions. The degree of crystallinity depends on
the source of the cellulose and the higher crystalline
regions are more resistant to enzymatic hydrolysis.
Cellulose can be hydrolyzed into glucose by the 
synergistic action of different enzymes: endoglu-
canase (cellulase), exoglucanase (cellobiohydrolase),
and β-glucosidase (cellobiase). Endoglucanase 
(EC 3.2.1.4) hydrolyzes cellulose in a random
manner as endohydrolase, producing various
oligosaccharides, cellobiose, and glucose. Exoglu-
canases (EC 3.2.1.91) hydrolyze β-1,4-D-glycosidic
linkages in cellulose and cellotetraose, releasing cel-
lobiose from the non-reducing end of the chain. β-
Glucosidases (EC 3.2.1.21) catalyze the hydrolysis of
terminal, non-reducing β-D-glucose residues, releas-
ing β-D-glucose.

Several cellulose-degrading enzymes have been
identified in Archaea (Table 26.2). Thermostable
endoglucanases, which degrade β-1,4 or β-1,3 link-
ages of β-glucans and cellulose, have been identified
in Pyrococcus furiosus, Pyrococcus horikoshii, and Sul-
folobus solfataricus (Antranikian et al., 2005). The
purified recombinant endoglucanase from P. furiosus
is active at 100°C and hydrolyzes β-1,4 but not β-1,3
glycosidic linkages. It has the highest specific activity
with cellopentaose and cellohexaose (Bauer et al.,
1999). Another thermoactive glucanase (laminari-
nase) (Topt 100°C) from this strain catalyzes the
hydrolysis of mixed-linked oligosaccharides with
both β-1,4 and β-1,3 specificities (van Lieshout et al.,
2004). The E170A mutant of the enzyme is 
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Table 26.2 Other archaeal polymer-degrading enzymes with industrial relevance.

MW Topt Thermostability Possible
Enzymes Strain (kDa) (°C) pHopt (half-life) applications References

Cellulose-degrading 
enzymes

β-Glucosidase Pyrococcus furiosus 232 102 5 13h at 110 °C Polymer degradation, Lebbink et al., 2001
Pyrococcus horikoshii >100 6 15h at 90 °C color brightening, Matsui et al., 2002
Sulfolobus acidocaldarius 224 7–8 color extraction of Antranikian et al., 2005
Sulfolobus shibatae juice, saccharification Antranikian et al., 2005
Sulfolobus solfataricus (struct.) 85 of agricultural and Antranikian et al., 2005
Thermosphaera aggregans industrial wastes, Chi et al., 1999

(struct.) animal feed,

Endoglucanase Pyrococcus furiosus (EglA) 36 100 6 40h at 95 °C
biopolishing of

Bauer et al., 1999
Pyrococcus furiosus (LamA) 31 100 6–6.5 19h at 100 °C

cotton products,
van Lieshout et al., 2004

Pyrococcus horikoshii 43–52 97 5.6 >3h at 97 °C
synthesis of sugars,

Kashima et al., 2005
Sulfolobus solfataricus MT4 40 65 6

optically pure
Limauro et al., 2001

(struct.)
heterosaccharides

Sulfolobus solfataricus P2 37 80 1.8 8h at 80 °C and Huang et al., 2005
pH 1.8

Chitin-degrading Pyrococcus furiosus (ChiA) 40 6 90–95 Utilization of Gao et al., 2003
enzymes Pyrococcus furiosus (ChiB) 55 6 90–95 biomass of marine Gao et al., 2003

Thermococcus chitonophagus 70 70 7 1h at 120 °C environment Andronopoulou & 
(Chi70) Vorgias, 2004b

Thermococcus chitonophagus 50 80 6
(Chi50)

Thermococcus chitonophagus 90 Andronopoulou & 
(Chi90) Vorgias, 2004b

Thermococcus kodakaraensis 193 80 6
(GlmA)

Thermococcus kodakaraensis 160 75 8.5 Andronopoulou & 
(Tk-Dac) Vorgias, 2004b

Thermococcus kodakaraensis 134 85 5
(ChiA) Tanaka et al., 2003

Tanaka et al., 2004
Tanaka et al., 1999
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Xylan-degrading Halorhabdus utahensis 45 55–70 6.5 Paper bleaching Waino & Ingvorsen, 2003
enzymes Pyrodictium abyssi 110 5.5 Antranikian et al., 2005

Sulfolobus solfataricus 57 100 7 0.8h at 90 °C Cannio et al., 2004
Thermococcus zilligii AN1 95 6 4h at 95 °C Antranikian et al., 2005

Proteolytic enzymes Detergents, baking,
Serine protease Aeropyrum pernix 34 90 8–9 1h at 100 °C brewing, amino Catara et al., 2003

Desulfurococcus mucosus 43–54 95 7.5 4.3h at 95 °C acids production Ward et al., 2002
Halobacterium halobium 66 Ryu et al., 1994
Haloferax mediterranei 37 Antranikian et al., 2005
Natrialba asiatica 37 Antranikian et al., 2005
Natrialba magadii 37 8–10 Oren, 2002
Natronococcus occultus 60 Horikoshi, 1999
Natronomonas pharaonis 60 10 Stan-Lotter et al., 1999
Pyrobaculum aerophilum Ward et al., 2002
Pyrococcus abyssi 60 95 9 Ward et al., 2002
Pyrococcus furiosus 150 115 6–9 0.33h at 105 °C Antranikian et al., 2005
Thermococcus aggregans 90 7 Eichler, 2001
Thermococcus celer 95 7.5 Eichler, 2001
Thermococcus kodakaraensis 44 80 9.5 Ward et al., 2002
Thermococcus litoralis 95 9.5 Eichler, 2001
Thermococcus stetteri 142 85 8.5–9 22h at 90 °C Ward et al., 2002
Thermoplasma acidophilum 120 65 8.5 Ward et al., 2002

(struct.)
Staphylothermus marinus 150 90 9 Antranikian et al., 2005
Sulfolobus solfataricus (struct.) 118 >90 6.5–8 Ward et al., 2002

Thiol protease Thermococcus kodakaraensis 45 110 7 1h at 100 °C Antranikian et al., 2005

Acidic protease Sulfolobus acidocaldarius 46–51 90 2 Ward et al., 2002

Metalloprotease Aeropyrum pernix 52 100 6–8 Ward et al., 2002
Pyrococcus furiosus 128 100 6.5 Ward et al., 2002
Pyrococcus furiosus 79 75 7 Ward et al., 2002
Pyrococcus horikoshii OT3 95 >95 7.5 Ishikawa et al., 2001
Sulfolobus solfataricus 320 75 6.7 Ward et al., 2002
Sulfolobus solfataricus 170 85 5.5–7 Ward et al., 2002

(struct.): the protein is crystallized and the three-dimensional structure is determined.
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additionally active as a glycosynthase, catalyzing the
condensation of α-laminaribiosyl fluoride to differ-
ent acceptors at pH 6.5 and 50°C (van Lieshout et
al., 2004). Depending on the acceptor, the synthase 
generates either β-1,4 or β-1,3 linkage. Recently, 
a recombinant endoglucanase from Pyrococcus
horikoshii was characterized; the enzyme is active
even toward crystalline cellulose. Its activity was
recently increased by protein engineering (Kashima
et al., 2005). This enzyme is expected to be useful for
industrial hydrolysis of cellulose, particularly in
biopolishing of cotton products. A novel acid-stable
endoglucanase from Sulfolobus solfataricus P2 was
recently cloned and expressed in E. coli (Huang et al.,
2005). The purified recombinant enzyme, with
optimal activity at 80°C and pH 1.8, hydrolyzes 
carboxymethylcellulose and cello-oligomers, with
cellobiose and cellotriose as main products. The 
presence of a signal peptide indicates that this
secreted protein enables Sulfolobus solfataricus to
utilize cellulose as carbon source. This is the first
description of the cellulolytic enzyme with a combi-
nation of high stability and activity at high temper-
atures and low pH. The enzyme could be applicable
for the large-scale hydrolysis of cellulose under acidic
conditions.

Unlike endoglucanases, several β-glucosidases
have been detected in Archaea. These enzymes have
been detected in strains of the genera Sulfolobus, Pyro-
coccus, and Thermosphaera. The β-glucosidase from
Pyrococcus furiosus is very stable with optimal activity
at 103°C, and it also shows a β-mannosidase activ-
ity (Nagatomo et al., 2005). The β-glucosidase from
S. solfataricus MT4 is very resistant to various denat-
urants, with activity up to 85°C. The gene for this β-
glucosidase has been cloned and expressed in E. coli
and Saccharomyces cerevisiae. Using a mixture of both
β-glucosidases from P. furiosus and S. solfataricus, an
ultra high temperature process for the enzymatic
production of novel oligosaccharides from lactose
was developed (Schiraldi et al., 2002). The ther-
moactive β-glucosidase from Pyrococcus horikoshii
is active in organic solvents and it synthesizes a 
heterosaccharide that has a high optical purity
(Antranikian et al., 2005). For the production 
of glucose from cellobiose (dimer of β-1,4-
linked glucose) a bioreactor system with the immo-
bilized recombinant β-glucosidase from S. solfataricus
was developed (Schiraldi et al., 2002). The 
system runs at a high flow rate and has a high 

degree of conversion, productivity, and operational
stability.

There is a great demand for robust cellulolytic
enzymes for various applications such as alcohol
production, improvement of juice yield, and effective
color extraction of juices. Other suitable applications
of cellulases include the pre-treatment of cellulose
biomass and forage crops to improve nutritional
quality and digestibility. Furthemore, cellulases are
useful tools for the saccharification of agricultural
and industrial wastes and production of fine chemi-
cals (Schulein, 2000).

Xylan-degrading enzymes

Xylan is a heterogeneous molecule that constitutes
the main polymeric compound of hemicellulose, a
fraction of the plant cell wall, which is a major reser-
voir of fixed carbon in nature. The main chain of the
heteropolymer is composed of xylose residues linked
by β-1,4-glycosidic bonds. Approximately half of the
xylose residues have substitution at O-2 or O-3 posi-
tions with acetyl-, arabinosyl-, and glucuronosyl-
groups. The complete degradation of xylan requires
the combined action of endo-β-1,4-xylanase (EC
3.2.1.8), it hydrolyzes β-1,4-xylosydic linkages 
in xylans, and β-1,4-xylosidase (EC 3.2.1.37),
hydrolyzing β-1,4-xylans and xylobiose by removing
the successive xylose residues from the non-reducing
termini.

To date only a few extreme thermophilic micro-
organisms have been able to grow on xylan and
secrete thermoactive xylanolytic enzymes (Table
26.2). Among the thermophilic Archaea, a xylanase
from Pyrodictium abyssi has been produced with an
optimum temperature of 110°C, one of the highest
values reported for a xylanase (Antranikian et al.,
2005). The crenarchaeon Thermosphaera aggregans
was shown to grow on heat-treated, but not native,
xylan (Eichler, 2001). The xylanase from Thermococ-
cus zilligii AN1 is active up to 100°C, can attack dif-
ferent xylans, and is not active toward cellulose.
Recently, a thermoactive endoxylanase from xylan-
degrading Sulfolobus solfataricus was purified and
characterized (Cannio et al., 2004). Xylooligosaccha-
rides are the products of the enzymatic hydrolysis of
xylan, and the smallest degradation product was
xylobiose. The production of an endo-β-1,4-xylanase
and a β-xylosidase from the extremely halophilic
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archaeon Halorhabdus utahensis was also reported
(Waino & Ingvorsen, 2003).

Xylanases from bacteria and fungi have a wide
range of potential biotechnological applications. They
are already produced on an industrial scale and are
used as food additives for poultry, for increasing feed
efficiency diets, and in wheat flour for improving
dough handling and the quality of baked products. In
the past decade, the major interest in thermostable
xylanases was in enzyme-aided bleaching of paper.
The chlorinated lignin derivatives generated by the
bleaching process constitute a major environmental
problem caused by the pulp and paper industry.
Investigations have demonstrated the feasibility of
enzymatic treatments as alternatives to chlorine
bleaching for the removal of residual lignin from
pulp. A treatment of craft pulp at elevated tempera-
tures with cellulase-free thermostable xylanases facil-
itates xylan and lignin removal without undue loss of
other pulp components and thus enhances the devel-
opment of environmentally friendly processes.

Chitin-degrading enzymes

Chitin is a linear β-1,4 homopolymer of N-acetyl-
glucosamine residues and it is one of the most abun-
dant biopolymers on earth. It has been estimated that
the annual worldwide formation rate and steady
state amount of chitin is in the order of 1010 to 1011

tonnes per year. Particularly in the marine environ-
ment, chitin is produced in enormous amounts, and
its turnover is due to the action of chitinolytic
enzymes. Chitin is the major structural component
of most fungi and some invertebrates, while for soil
or marine bacteria chitin serves as a nutrient. Chitin
degradation is known to proceed with the endo-
acting chitin hydrolase (chitinase A; EC 3.2.1.14) and
the chitin oligomer degrading exo-acting hydrolases
(chitinase B), and N-acetyl-D-glycosaminidase (chi-
tobiase; EC 3.2.1.52). Chitin and chitosan exhibit
interesting properties that make them valuable raw
materials for several applications.

Although a large number of bacterial chitin-
hydrolyzing enzymes have been isolated and their
corresponding genes have been cloned and character-
ized, only few thermostable chitin-hydrolyzing
enzymes are known. So far, only three hyperther-
mophilic Archaea, Thermococcus chitonophagus
(Andronopoulou & Vorgias, 2004a), Thermococcus

kodakaraensis (Tanaka et al., 1999; Imanaka et al.,
2001), and Pyrococcus furiosus (Gao et al., 2003) 
have been shown to grow on chitin and produce chiti-
nolytic enzymes (Table 26.2). The extreme 
thermophilic anaerobic archaeon Thermococcus
chitonophagus possesses a multicomponent enzymatic
system, consisting of an extracellular exochitinase
(Chi50), a periplasmic chitobiase (Chi90), and a 
cell-membrane-anchored endochitinase (Chi70)
(Andronopoulou & Vorgias, 2004b). The chitinolytic
system is strongly induced by chitin, although a low-
level constitutive production of the enzymes in the
absence of any chitinous substrates was detected. The
archaeal chitinase (Chi70) was purified and charac-
terized. It is a monomeric enzyme with an apparent
molecular weight of 70kDa and appears to be associ-
ated with the outer surface of the cell membrane. The
enzyme is optimally active at 70°C and pH 7.0 and is
thermostable, maintaining 50% activity even after 1
hour at 120°C. The enzyme was not inhibited by
allosamidin and was also resistant to denaturation by
urea and SDS. The chitinase has a broad substrate
specificity for several chitinous substrates and deriva-
tives and has been classified as an endochitinase due
to its ability to release chitobiose from colloidal chitin
(Andronopoulou & Vorgias, 2004a). The purified
recombinant chitinase from the hyperthermophile
Thermococcus kodakaraensis is optimally active at 85°C
and pH 5.0 and produces chitobiose as major end
product (Tanaka et al., 1999). This unique multi-
domain protein consists of two active sites with differ-
ent cleavage specificities and three substrate-binding
domains, which are related to two families of cellu-
lose-binding domains (Tanaka et al., 2001). A chitin-
degrading pathway involves the unique enzymes
diacetylchitobiose deacetylase and exo-β-D-glu-
cosaminidase. After the hydrolysis of chitin by chiti-
nase, the product diacetylchitobiose was deacetylated
and than successively hydrolyzed to glucosoamine
(Tanaka et al., 2004). The thermostable chitinase from
T. kodakaraensis is active in the presence of detergents
and organic solvents and can be applied, for example,
for the production of N-acetyl-chitooligosaccharides
with biological activity (Imanaka et al., 2001). Pyrococ-
cus furiosus was also found to grow on chitin, adding
this polysaccharide to the inventory of carbohydrates
utilized by this hyperthermophilic archaeon. Two
open reading frames (ChiA and ChiB) were identified
in the genome of P. furiosus, and encode chitinases
with sequence similarity to proteins from the glycosyl
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hydrolase family 18 in less thermophilic organisms
(Gao et al., 2003). The two chitinases share little
sequence homology to each other, except in the cat-
alytic region, where both have the catalytic glutamic
acid residue that is conserved in all family 18 bacterial
chitinases. The pH optimum of both recombinant
chitinases is 6, with a temperature optimum between
90 and 95°C. The chitinase A with a melting temper-
ature of 101°C exhibits no detectable activity toward
chitooligomers smaller than chitotetraose, indicating
that the enzyme is an endochitinase, whereas the
chitinase B (melting temperature 114°C) is a chito-
biosidase, processively cleaving off chitobiose from
the non-reducing end of chitin or other chi-
tooligomers. The synergetic action of both thermoac-
tive chitinases on colloidal chitin allows P. furiosus to
grow on chitin as the sole carbon source (Gao et al.,
2003).

Proteolytic enzymes

Proteases are involved in the conversion of proteins
to amino acids and peptides. They have been classi-
fied according to the nature of their catalytic site in
the following groups: serine, cysteine, aspartic, or
metalloproteases. Proteases and proteasomes play a
key role in the cellular metabolism of Archaea and a
variety of heat-stable proteases have been identified
in hyperthermophilic Archaea belonging to the
genera Aeropyrum, Desulfurococcus, Sulfolobus, Staphy-
lothermus, Thermococcus, Pyrobaculum, and Pyrococcus
(Table 26.2; Antranikian et al., 2005). It has been
found that most proteases from extremophilic
Archaea belong to the serine type, and are stable at
high temperatures even in the presence of high con-
centrations of detergents and denaturing agents
(Ward et al., 2002). Those properties of extracellular
serine proteases are reported in a number of Ther-
mococcus species (Kannan et al., 2001; Morikawa &
Imanaka, 2001) and are well illustrated by the extra-
cellular enzyme from T. stetteri, which is highly stable
(half-life of 2.5 hours at 100°C) and resistant to
chemical denaturation such as 1% SDS. A globular
serine protease from Staphylothermus marinus was
found to be extremely thermostable and is heat-
resistant up to 125°C in the stalk-bound form (Mayr
et al., 1996). Proteases have also been characterized
from the thermoacidophilic Archaea Sulfolobus solfa-

taricus and Sulfolobus acidocaldarius. Serine proteases
were also characterized from halophilic Archaea
(Table 26.2). An extracellular serine protease from
Halobacterium halobium is highly salt-dependent and
active in dimethylformamide/water mixtures, and is
expected to be an excellent tool for the synthesis 
of glycine-containing peptides (Ryu et al., 1994). 
A serine protease from Natrialba magadii has a broad
pH profile (pH 6–12) with an optimum at pH 8–10,
and a high dependence on salt, which is required 
for enzymatic activity and stability (Oren, 2002). 
The salt-dependent proteolytic activity has also 
been described in the halophile Natronococcus occultus
(Horikoshi, 1999). A chymotrypsinogen B-like 
protease was isolated and characterized from 
another halophile, Natronomonas pharaonis, and acts
optimally at 61°C and pH 10. In contrast to other
haloarchaeal enzymes, which lose their catalytic
activity at low salt concentrations, this protease can
function at salt concentrations lower than 3mM.
This property makes the enzyme a suitable detergent
additive.

In addition to serine proteases other subclasses 
of proteases have been identified in Archaea:
aminopeptidases (Dura et al., 2005), a thiol protease
from Thermococcus kodakaraensis KOD1, an acidic pro-
tease from Sulfolobus acidocaldarius, and a propylpep-
tidase and a new type of protease from Pyrococcus
furiosus (Antranikian et al., 2005). Indeed, P. furiosus
contains at least 13 different proteins with prote-
olytic activity.

The amount of proteolytic enzymes produced
worldwide on a commercial scale is the largest. Heat
stable proteases are useful enzymes, especially for
the detergent industry. Serine alkaline proteases
from thermophilic Archaea could be used as addi-
tives for laundering, where they have to resist 
denaturation by detergents and alkaline conditions.
Proteases are also applied for peptide synthesis using
their reverse reaction, mainly because of their com-
patibility with organic solvents. A number of heat-
stable proteases are now used in molecular biology
and biochemistry procedures. The protease S from
Pyrococcus furiosus is used to fragment proteins before
peptide sequencing (TaKaRa Biomedicals). Carboxy-
and aminopeptidases from Pyrococcus furiosus and 
Sulfolobus solfataricus are used for protein N- or C-
terminal sequencing (Cheng et al., 1999; Vieille &
Zeikus, 2001).
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DNA-processing enzymes

DNA amplification DNA polymerases (EC 2.7.7.7)
are the key enzymes in the replication of DNA and
present in all life forms. They catalyze, in the pres-
ence of Mg2+-ions, the addition of a deoxyribonucle-
oside 5′-triphosphate onto the growing 3′-OH end of
a primer strand, forming complementary base pairs
to a second strand. More than 100 DNA polymerase
genes have been cloned and sequenced from various
organisms, including thermophilic Bacteria and
Archaea. Thermostable DNA polymerases play a
major role in a variety of molecular biological appli-
cations, e.g. DNA amplification, sequencing, or label-
ing (Table 26.3). The DNA polymerase I from the
bacterium Thermus aquaticus, called Taq polymerase,
was the first thermostable DNA polymerase charac-
terized and applied in PCR. Due to the absence of a
3′-5′-exonuclease activity, this enzyme is unable to
excise mismatches and, as a result, the base insertion
fidelity is low. The use of high fidelity DNA poly-
merases is essential for reducing amplification errors
in PCR products. Several thermostable DNA poly-
merases with 3′-5′-exonuclease-dependent proof-
reading activity have been described and the error
rates (number of misincorporated nucleotides per
base synthesized) for these enzymes have been
determined. Archaeal polymerases from Pyrococcus or
Thermococcus species, which have stringent proof-
reading abilities, are of widespread use. Archaeal
proofreading polymerases, such as Pwo pol from Pyro-
coccus woesei, Pfu pol from Pyrococcus furiosus, Deep
VentTM pol from Pyrococcus sp. and GB-D or VentTM pol
from Thermococcus litoralis have an error rate that is
up to tenfold lower than that of Taq polymerase. The
9°N-7 DNA polymerase from Thermococcus sp. strain
9°N-7 has a 15-fold higher 3′-5′-exonuclease activ-
ity. However, Taq polymerase was not replaced by
these DNA polymerases because of their low exten-
sion rates, among other factors. DNA polymerases
with higher fidelity are not necessarily suitable for
amplification of long DNA fragments because of their
potentially strong exonuclease activity. The recombi-
nant KOD1 DNA polymerase from Thermococcus
kodakaraensis KOD1 has been reported to show low
error rates, high processivity, and the highest known
extension rate, resulting in an accurate amplification
of target DNA sequences up to 6kb (Hashimoto 
et al., 2001). Recently, the PCR technique has been

improved to allow low error synthesis of long
amplificates (20–40kb) by the addition of small
amounts of thermostable archaeal proofreading DNA
polymerases, containing 3′-5′-exonuclease activity,
to Taq or other non-proofreading DNA polymerases.
The supplement of the PCR reaction mixtures with
recombinant P. woesei dUTPase improves the effi-
ciency of the reaction and allows amplification of
longer targets (Dabrowski & Kiaer Ahring, 2003).
Low fidelity mutants of P. furiosus polymerase were
also created for performance in error-prone PCR
(Biles & Connolly, 2004).

The ssDNA-binding proteins are known to be
involved in eliminating DNA secondary structure,
and are key components in DNA replication, 
recombination and repair. The archaeal ssDNA-
binding proteins derived from Methanocaldococcus 
jannashii, Methanothermobacter thermoautotrophicum,
and Archaeoglobus fulgidus are therefore useful
reagents for genetic engineering and other proce-
dures involving DNA recombination, such as PCR
(Kowalczykowski et al., 2005).

DNA sequencing DNA sequencing by the Sanger
method has undergone countless refinements in the
past 20 years. A major step forward was the intro-
duction of thermostable DNA polymerases, leading
to the cycle sequencing procedure. This method uses
repeated cycles of temperature denaturation, anneal-
ing, and extension with dideoxy-termination to
increase the amount of sequencing product by recy-
cling the template DNA. Due to this “PCR-like”
amplification of the sequencing products several
problems could have been overcome. Caused by the
cycle denaturation, only fmoles of template DNA are
required, no separate primer annealing step is
needed, and unwanted secondary structures within
the template are resolved at high temperature elon-
gation. The first enzyme used for cycle sequencing
was the thermostable DNA polymerase I from
Thermus thermophilus. A combination of thermostable
enzymes has been developed that produces higher
quality cycle sequences. Thermo Sequenase DNA
polymerase is a thermostable enzyme engineered to
catalyze the incorporation of ddNTPs with an effi-
ciency of several thousandfold better than other
thermostable DNA polymerases. Since the enzyme
also catalyzes pyrophosphorolysis at dideoxy termini,
a thermostable inorganic pyrophosphatase is needed
to remove the pyrophosphate produced during
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Table 26.3 Application of archaeal DNA-modifying enzymes as molecular biology reagents.

MW Topt Thermostability
Enzymes Strain (kDa) (°C) pHopt (half-life) References

DNA polymerase Aeropyrum pernix (pol I) 108 0.5h at 85 °C Cann et al., 1999
(family B) Aeropyrum pernix (pol II) 88 0.5h at 100 °C Cann et al., 1999

Cenarchaeum symbiosum 96 38 7.5 0.17h at 46 °C Schleper et al., 1997
Pyrobaculum islandicum 90 70–80 >5h at 90 °C Kahler & Antranikian, 2000

Pfu pol Pyrococcus abyssi 90 70–80 7.3 5h at 100 °C Dietrich et al., 2002
Deep Vent pol Pyrococcus furiosus 90 72–78 9.0 4h at 95 °C Antranikian et al., 2005
Pwo pol Pyrococcus sp. GB-D 90.6 70–80 8–9 8h at 100 °C Antranikian et al., 2005

Pyrococcus woesei 90 Antranikian et al., 2005
Sulfolobus acidocaldarius 100 65–75 0.25h at 87 °C Antranikian et al., 2005
Sulfolobus solfataricus 101 75 7.5 0.1h at 90 °C Nastopoulos et al., 1998

KOD1 Thermococcus aggregans 90 70–80 6.8 1.2h at 90 °C Bohlke et al., 2000
Vent pol Thermococcus kodakaraensis (struct.) 90 75 7.5 12h at 95 °C Antranikian et al., 2005
9°N-7 pol Thermococcus litoralis 98.9 70–80 6.5 2h at 100 °C Antranikian et al., 2005

Thermococcus sp. 9°N-7 90 70–80 8.8 6.7h at 95 °C Antranikian et al., 2005

Phosphatase Haloarcula marismortui 160 25 8.5 Marhuenda-Egea et al., 2002
Halobacterium salinarum Marhuenda-Egea et al., 2002
Pyrococcus abyssi 108 70 11 18h at 100 °C Zappa et al., 2001
Sulfolobus acidocaldarius 80 56 6.5 Wakagi et al., 1992
Thermoplasma acidophilum (struct.) van der Horn et al., 1997

Ligase Acidianus ambivalens Eichler, 2001
Pyrococcus furiosus 45–80 >1h at 95 °C Stratagene
Sulfolobus shibatae 62 50–70 6–7 0.15h at 90 °C Lai et al., 2002
Thermococcus fumicolans 65 7 Rolland et al., 2004
Thermococcus kodakaraensis 52 100 8 Nakatani et al., 2002

ssDNA-binding Archaeoglobus fulgidus Kowalczykowski et al., 2005
proteins Methanocaldococus jannashii

Methanothermobacter thermoautothrophicum
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sequencing reactions. Thermoplasma acidophilum inor-
ganic pyrophosphatase (TAP) is thermostable and
effective for converting pyrophosphate to orthophos-
phate. The combination of Thermo Sequenase poly-
merase and TAP for cycle sequencing yields sequence
data with uniform band intensities and allows the
determination of longer, more accurate sequence
reads (Van der Horn et al., 1997). Highly ther-
mostable alkaline phosphatases, which dephospho-
rylate linear DNA fragments, were also identified in
Archaea (Table 26.2). The alkaline phosphatase from
Pyrococcus abyssi dephosphorylates linear DNA frag-
ments with efficiencies of 94 and 84% regarding
cohesive and blunt ends, respectively (Zappa et al.,
2001).

DNA Ligation A variety of analytical methods are
based on the use of thermostable ligases. Of consid-
erable potential is the construction of sequencing
primers by high temperature ligation of hexameric
primers, the detection of trinucleotide repeats
through repeat expansion detection, or DNA detec-
tion by circularization of oligonucleotides (Lande-
gren et al., 2004). Several archaeal DNA ligases,
displaying nick joining and blunt-end ligation activ-
ities using either ATP or NAD+ as a cofactor, have
been identified and characterized in detail (Table
26.3). Unlike bacterial enzymes, the ligase from 
Acidianus ambivalens is NAD+-independent but ATP-
dependent, in a similar way to the enzymes from
bacteriophages, eukaryotes, and viruses. The DNA
ligase from a hyperthermophilic archaeon Thermo-
coccus kodakaraensis is also ATP-dependent (Nakatani
et al., 2002). Sequence comparison with previously
reported DNA ligases and the presence of conserved
motifs indicated that the ligase is closely related to
the ATP-dependent DNA ligase from Methanobac-
terium thermoautotrophicum H, a moderate ther-
mophilic archaeon, along with putative DNA ligases
from Euryarchaeota and Crenarchaeota. The
optimum pH of the recombinant monomeric enzyme
is 8.0, the optimum concentration of Mg2+ is 14–18
mM, and of K+ is 10–30mM. The protein does not
display single-stranded DNA ligase activity. At
enzyme concentrations of 200nM, a significant DNA
ligase activity is observed even at 100°C. Surpris-
ingly, the protein also displays a DNA ligase activity
when NAD+ is added as the cofactor (Nakatani et al.,
2002). The ability of DNA ligases to use either ATP
or NAD+ as a cofactor appears to be specific to DNA
ligases from Thermococcales. A DNA ligase from

Thermococcus fumicolans displays nick joining and
blunt-end ligation activity using either ATP or NAD+

as a cofactor (Rolland et al., 2004). The presence of
MgCl2 (optimally at 2mM) is required for the enzy-
matic activity. In contrast to that, the recombinant
ATP-dependent ligase from the thermoacidophilic
crenarchaeon Sulfolobus shibatae is more active in the
presence of Mn2+ ions than in the presence of other
divalent cations such as Mg2+ or Ca2+ (Lai et al.,
2002). A splicing ligase activity is characterized in cell
extracts of the halophile Haloferax volcanii (Oren,
2002).

Pyrococcus furiosus is thought to be highly resistant
to γ-radiation and therefore may have a unique
method for removing damaged DNA. A thermostable
flap endonuclease from P. furiosus is described, 
which cleaves the replication fork-like structure
endo/exonucleolytically (Matsui et al., 1999). The
O6-methylguanine-DNA methyltransferase is the
most common form of cellular defense against 
the biological effects of O6-methylguanine in 
DNA. The thermostable recombinant O6-methylgua-
nine-DNA methyltransferase from Thermococcus
kodakaraensis is functional in vivo and complements
the mutant phenotype, making the cells resistant to
the cytotoxic properties of the alkylating agent N-
methyl-N′-nitro-N-nitrosoguanidine (Leclere et al.,
1998).

A thermostable type I group B DNA topoisomerase
has been isolated and purified from the hyper-
thermophilic methanogen Methanopyrus kandleri
(Slesarev et al., 2002). The enzyme is active over a
wide range of temperatures and salt concentrations
and does not require magnesium or ATP for its activ-
ity, which makes manipulations of DNA more con-
venient and more efficient. Exploitation of the
common features and the differences of topoiso-
merases will be important for the modeling of novel
drugs and for an understanding of the action of
cancer chemotherapeutic agents.

Alcohol dehydrogenases

Dehydrogenases are enzymes belonging to the class
of oxidoreductases. Within this class, alcohol dehy-
drogenases (EC 1.1.1.1, also named keto-reductases)
represent a biotechnologically important group of
biocatalysts due to their ability to stereospecifically
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reduce prochiral carbonyl compounds. Alcohol
dehydrogenases (ADHs) can be used efficiently in the
synthesis of optically active alcohols, which are key
building blocks in the synthesis of chirally pure phar-
maceutical agents. From a practical point of view,
alcohol dehydrogenases that use NADH as cofactor
are of particular importance, because they represent
an established method to regenerate NADH effi-
ciently. By contrast, for NADP-dependent enzymes
the cofactor-recycling systems that are available are
much less efficient (Radianingtyas & Wright, 2003).
The secondary specific alcohol dehydrogenase,
which catalyzes the oxidation of secondary alcohols
and, less readily, the reverse reaction (the reduction
of ketones), has a promising future in biotechnology.
Although ADHs are widely distributed among
microorganisms, only a few of them have been char-
acterized from archaea (Table 26.4). The ADH from
Sulfolobus solfataricus requires NAD as cofactor and
contains Zn ions (Radianingtyas & Wright, 2003). In
contrast, the enzyme from Thermococcus litoralis lacks
metal ions and catalyzes preferentially the oxidation
of primary alcohols, using NADP as cofactor. The
enzyme is thermostable, having half-lives of 15
minutes at 98°C and 2 hours at 85°C (Ma & Adams,
2001). The pyrococcal ADH is the most thermostable
short-chain ADH (half-life of 150 hours at 80°C)
known to date (van der Oost et al., 2001). The
NADP-dependent ADH from Thermococcus hydrother-
malis oxidizes a series of primary aliphatic and 
aromatic alcohols preferentially from C2 to C8 but 
is also active toward methanol and glycerol and 
is stereospecific for monoterpenes (Antoine et al.,
1999). The enzyme structure is pH-dependent, being
a tetramer (45kDa per subunit) at pH 10.5 (pH
optimum for alcohol oxidation), and a dimer at pH
7.5 (pH optimum for aldehyde reduction).

Esterases

In the field of industrial biotechnology, esterases are
gaining increasing attention because of their applica-
tion in organic biosynthesis. In aqueous solution,
esterases catalyze the hydrolytic cleavage of esters to
form the constituent acid and alcohol, whereas in
organic solutions, transesterification reaction is pro-
moted. Both the reactants and the products of trans-
esterification are usually highly soluble in the organic
phase and the reactants may even form the organic

phase themselves. Several archaeal esterases were
successfully cloned and expressed in mesophilic hosts
(Table 26.4). Esterases from Aeropyrum pernix, Pyrobac-
ulum calidifontis, and Sulfolobus tokodaii exhibit high
thermoactivity and thermostability and are also active
in a mixture of a buffer and water-miscible organic
solvents, such as acetonitrile and dimethyl sulfoxide
(Antranikian et al., 2005). The optimum activity for
ester cleavage of the esterase from Sulfolobus tokodaii
strain 7 is at 70°C and pH 7.5–8.0. From the kinetic
analysis, p-nitrophenyl butyrate is a better substrate
than caproate and caprylate (Suzuki et al., 2004). The
Pyrococcus furiosus esterase is the most thermostable (a
half-life of 50 minutes at 126°C) and thermoactive
(temperature optimum 100°C) esterase known to
date (Ikeda & Clark, 1998). A carboxylesterase from
Pyrobaculum calidifontis, stable against heating and
organic solvents, is active toward tertiary alcohol
esters, a very rare feature among previously reported
lipolytic enzymes (Hotta et al., 2002). A novel ther-
mostable esterase from Aeropyrum pernix K1 with an
optimal temperature at 90°C exhibits additionally a
phospholipase activity (Wang et al., 2004). The
esterases from Archaeoglobus fulgidus and Sulfolobus shi-
batae are of interest for the dairy industry (Schiraldi et
al., 2002). In our laboratory two thermoactive
esterases from the thermoacidophile Picrophilus tor-
ridus have been recently characterized after successful
expression in E. coli (Antranikian, unpublished 
observations). Both esterases are active at 50–60°C
and neutral pH. A gene coding the esterase from
Archaeoglobus fulgidus was subjected to error-prone
PCR in an effort to increase the low enantioselectivity
toward the racemic mixture of an intermediate in the
synthesis of the optically pure herbicide mecoprop
(Manco et al., 2002). The esterase from Sulfolobus sol-
fataricus P1 has been studied in detail for the chiral 
resolution of 2-arylpropionic esters (Sehgal & Kelly,
2003). Thus, the application of the esterase toward
R,S-naproxen methyl ester yields highly optically
pure S-naproxen (ee(p)>90%) (Sehgal & Kelly, 2002,
2003). The enzyme is activated by DMSO to various
extents, due to small changes in the enzyme structure
resulting in an increase in its conformational flexibil-
ity. Thus, added cosolvents, which are useful for 
solubilization of hydrophobic substrates in water, 
also serve as activators in applications involving 
thermostable biocatalysts at suboptimal temperatures
(Sehgal et al., 2002). Interestingly, experimental data
on kinetic resolution of α-arylpropionic acid revealed
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Table 26.4 Enzymes from Archaea with industrial relevance for fine chemistry.

MW Topt Thermostability
Enzymes Strain (kDa) (°C) pHopt (half-life) Possible applications References

Alcohol Aeropyrum pernix (struct.) 90 Stereoselective Guy et al., 2003
dehydrogenase Methanoculleus thermophilicus 70 transformation Radianingtyas & Wright, 

of ketones to 2003
Pyrococcus furiosus 55 90 7.5 150h at 80 °C alcohols van der Oost et al., 2001
Sulfolobus solfataricus (struct.) 71 95 7.5 Radianingtyas & Wright, 

2003
Thermococcus hydrothermalis 80.5 80 7.5 0.25h at 80 °C Antoine et al., 1999
Thermococcus litoralis 192 80 8.8 2h at 85 °C Ma & Adams, 2001
Thermococcus sp. AN1 200 85 7 Li & Stevenson, 2001
Thermococcus sp. ES-1 Ma & Adams, 2001
Thermococcus zilligii 184 85 7 0.25h at 80 °C Radianingtyas & Wright, 

2003

Aldolase Methanocaldococcus jannaschii 271 80 7–8.5 24h at 80 °C Synthesis of chiral Soderberg & Alver, 2004
Sulfolobus solfataricus (struct.) 133 100 2.5h at 100 °C carbohydrates Buchanan et al., 1999

Amidase Sulfolobus solfataricus (struct.) 56 95 7.5 25h at 80 °C Synthesis of fine Antranikian et al., 2005
chemicals

Aminoacylase Pyrococcus furiosus 170 100 6.5 Pharmaceutical Story et al., 2001
Pyrococcus horikoshii OT3 95 95 7.5 >48h at 90 °C industry Ishikawa et al., 2001
Thermococcus litoralis 172 85 8 1.7h at 85 °C (production of Taylor et al., 2004

stereoisomers)

Cysteine synthase Aeropyrum pernix 65 >60 7.5–8 >6h at 100 °C Synthesis of sulfur- Ishikawa & Mino, 2004
organic compounds

β-Galactosidase Haloferax alicantei 156 22 7.2 Synthesis of Holmes & Dyall-Smith, 2000
Pyrococcus woesei 61 90 4 3.5h at 100 °C oligosaccharides Dabrowski et al., 2000

(Continued)
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Table 26.4 Enzymes from Archaea with industrial relevance for fine chemistry.—cont’d

MW Topt Thermostability
Enzymes Strain (kDa) (°C) pHopt (half-life) Possible applications References

Esterase Aeropyrum pernix (struct.) 18 90 1h at 100 °C Biotransformation Wang et al., 2004
Archaeoglobus fulgidus (struct.) 35.5 70 7 in organic Manco et al., 2000
Methanocaldococcus jannaschii 70 9.5 solvents Chen et al., 2004

(struct)
Picrophilus torridus 21 70–80 6.5 Antranikian, unpublished
Pyrobaculum calidifontis 35 90 7 2h at 100 °C Hotta et al., 2002
Pyrococcus furiosus 100 2h at 120 °C Sehgal & Kelly, 2003
Sulfolobus acidocaldarius 128 90 Antranikian et al., 2005
Sulfolobus shibatae 90 6 0.33h at 120 °C Antranikian et al., 2005
Sulfolobus solfataricus P1 33 100 5–6 Sehgal & Kelly, 2003
Sulfolobus solfataricus P2 34 80 7.4 0.66h at 80 °C Kim & Lee, 2004
Sulfolobus tokadaii 70 7.5–8 Suzuki et al., 2004

Lycopene β- Sulfolobus solfataricus Accumulation of Hemmi, 2003
cyclase beta-carotene

N-Methyltransferase Pyrococcus horikoshii 23 90–100 8.5 >2h at 100 °C Synthesis of Matsui et al., 2002
phosphatidylcholine
for medicine and 
food

Nitrilase Pyrococcus abyssi 60 60–90 6–8 6h at 90 °C Production of Müller et al., 2006
mononitriles

(struct.): the protein is crystallized and the three-dimensional structure is determined.
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that a carboxylesterase from Sulfolobus solfataricus
P2 hydrolyzes the R-ester of racemic ketoprofen
methylester with enantiomeric excess of 80% (Kim &
Lee, 2004).

C–C bond-forming enzymes

Synthetic building blocks bearing hydroxylated
chiral centers are important targets for biocatalysis.
C–C bond-forming enzymes, such as aldolases and
transketolases, have been investigated for new appli-
cations, and various strategies for the synthesis of
sugars and related oxygenated compounds have
been developed (Fessner & Helaine, 2001). The use
of aldolases in stereoselective C–C bond-forming
reactions is applicable for asymmetric synthesis of
carbohydrates, leading to the development of 
new therapeutics and diagnostics. However, many
aldolases display a narrow specificity, and often
prefer phosphorylated substrates, which can limit 
the product range of chiral aldols. In contrast, an
extremely thermostable aldolase (half-life 2.5 hours
at 100°C) from Sulfolobus solfataricus, actively
expressed in E. coli, possesses a broad specificity for
non-phosphorylated substrates and has a great
potential for use in asymmetric aldol reactions (Table
26.4) (Demirjian et al., 2001). This aldolase repre-
sents a rare example of an enzyme that exhibits no
diastereocontrol for the aldol condensation of its
natural substrates pyruvate and glyceraldehyde.
Recently, it was demonstrated that the stereoselec-
tivity of the enzyme has been induced by employing
the substrate engineering procedure (Lamble et al.,
2005). In another application thermostable pentose
phosphate enzymes, e.g. the transaldolases from
Methanocaldococcus jannaschii, could greatly increase
the efficiency of an enzymatic hydrogen production
that employs a novel archaeal hydrogenase 
(Soderberg & Alver, 2004).

Nitrile-degrading enzymes

Nitrile-degrading enzymes are of considerable impor-
tance in industrial biotransformations, and to date
several processes have been developed for chemical
and pharmaceutical industries for the production 
of optically pure compounds, drugs, acrylic, and
hydroxamic acids (Antranikian et al., 2005). Nitrile-

degrading enzymes also play a significant role in the
protection of the environment due to their ability to
eliminate highly toxic nitriles. Thermostable ami-
dases and nitrilases are gaining more attention, espe-
cially in enzymatic processes in mixtures of organic
solvent or in the formation of highly pure products
with a concomitant reduction of wastes (Alcantara,
2000). A number of bacterial amidases and nitrilases
have been purified and characterized. Very little,
however, is known about the enzymes that are active
at high temperatures. Amidases (EC 3.5.1.4) catalyze
the conversion of amides to the corresponding 
carboxylic acids and ammonia. The only amidase
derived from Archaea is that from the thermoaci-
dophile Sulfolobus solfataricus (Table 26.4). This
enzyme is S-stereoselective (S-enantioselectivity is
common for amidases) with a broad substrate spec-
trum and is active at 95°C (Antranikian et al., 2005).
Nitrilases (EC 3.5.5.1) are thiol enzymes that convert
nitriles directly to the corresponding carboxylic acids,
with release of ammonia. The only thermoactive
nitrilases described so far were isolated from the 
Bacteria Acidovorax facilis 72W and Bacillus pallidus
Dac521. Recently, the first archaeal nitrilase from 
the hyperthermophile Pyrococcus abyssi, regiospecific
toward aliphatic dinitriles, was cloned and charac-
terized in our laboratory. The enzyme is highly ther-
mostable, having a half-life at 90°C of 6 hours
(Müller et al., 2006).

Aminoacylases

Due to their chiral specificity in the synthesis of acy-
lated amino acids, aminoacylases (EC 3.5.1.14) are
attractive candidates for application in fine chemistry
(Story et al., 2001). The L-aminoacylase from Ther-
mococcus litoralis accepts a wide range of amino acid
side chains and N-protecting groups and was recently
commercialized (Toogood et al., 2002). The applica-
tion of the thermostable enzyme reduces the process
time, simplifies filtration procedure, improves sub-
strate solubility, and increases the enantiomeric
excess to 99%. In contrast to the chemical process,
the reaction completes overnight at 70°C, which
avoids boiling in 20 equivalent volumes of 6M HCl
for 2 days (Taylor et al., 2004). Two thermostable
zinc-containing aminoacylases were also character-
ized from Pyrococcus species (Ishikawa et al., 2001;
Story et al., 2001; Table 26.4).
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Other archaeal enzymes of practical use

Thermostable β-galactosidase is potentially useful for
whey utilization and for the preparation of low-
lactose milk and other dairy products, or it can be
used as a catalyst in the synthesis of galactooligo-
saccharides, using lactose as substrate and a 
nucleophile. A β-galactosidase from the halophilic
archaeaon Haloferax lucentensis was cloned and
expressed in Haloferax volcanii, a widely used strain
that lacks detectable β-galactosidase activity (Holmes
& Dyall-Smith, 2000). The extremely halotolerant β-
galactosidase is optimally active at 4M NaCl, cleaves
several different β-galactoside substrates, and does
not exhibit β-glucosidase, β-arabinosidase, or β-
xylosidase activities. A β-galactosidase from Pyrococ-
cus woesei was also cloned and characterized
(Dabrowski et al., 2000).

Carotenoids act as anti-oxidant agents, leading to
their use as food additives and drugs. The majority
of carotenoids are synthesized from lycopene. The β-
carotene, the precursor of vitamin A, is biosynthe-
sized directly from lycopene by β-cyclization at both
termini, and the reaction is catalyzed by lycopene β-
cyclase. Recently, lycopene β-cyclase was predicted
in the carotenogenic gene cluster in the genome of
the thermoacidophilic archaeon Sulfolobus solfataricus
(Hemmi, 2003). The recombinant expression of the
gene in E. coli resulted in the accumulation of
lycopene β-carotene in the cells.

Sulfur-containing organic compounds have been
synthesized mainly chemically. Due to the side 
reactions, the chemical synthesis of those molecules
results in the unavoidable production of impurities
in the product and environmental pollution by 
the formation of by-products such as sulfur oxides.
In order to overcome these problems, a method for
the synthesis of sulfur-containing organic com-
pounds using O-acetylserine sulfhydrolase has been
proposed (Ishikawa & Mino, 2004). A recombinant
cysteine synthase from Aeropyrum pernix is highly
stable within pH 6–10 and resistant to organic 
solvents. Due to its high heat resistance, the enzyme
can act on highly concentrated substrate solutions
compared to mesophilic thermolabile cysteine 
synthases.

Phosphatidylethanolamine N-methyltransferase
plays a key role in the synthesis of phosphatidyl-
choline, a main component of liposomal membrane,
which is present in various foods as digestible sur-

factant. It plays an important role in medicine as a
component of microcapsules for drugs. A phos-
phatidylethanolamine N-methyltransferase from
Pyrococcus horikoshii was cloned and expressed in E.
coli. The enzyme is thermostable and is active in
organic solvents. This opens the possibility of devel-
oping a new process for the synthesis of polar lipids
with high optical purity (Matsui et al., 2002).

Whole-cell biocatalysis

Biomining

Industrial mineral processing has been developed in
several countries, such as South Africa, Brazil, and
Australia. Iron- and sulfur-oxidizing microorganisms
are used to release occluded gold from mineral 
sulfides. Most industrial plants for biooxidation of
gold-bearing concentrates have been operated at 
40°C with mixed cultures of mesophilic Bacteria of 
the genera Thiobacillus or Leptospirillum. In subse-
quent studies dissimilatory iron-reducing Archaea
Pyrobaculum islandicum and Pyrococcus furiosus were
shown to reduce gold chloride to insoluble gold
(Lloyd, 2003). The potential of thermophilic sulfide-
oxidizing Archaea in copper extraction has attracted
interest due to the efficient extraction of metals 
from sulfide ores that are recalcitrant to dissolution
(Schiraldi et al., 2002). The acidophilic Archaea Sul-
folobus metallicus and Metallosphaera sedula tolerate up
to 4% copper and have been exploited for mineral
biomining (Norris et al., 2000). The efficiency of
copper extraction from chalcopyrite by thermoaci-
dophilic Archaea was influenced by the characteris-
tics of mineral concentrates. Between 40 and 60%
copper extraction was achieved in primary reactors
and more than 90% extraction in secondary reactors
with overall residence times of about 6 days (Norris
et al., 2000).

The handling and recycling of spent tyres is a sig-
nificant and worldwide problem. The reuse of rubber
material is preferable from an economic and 
environmental point of view. The anaerobic sulfate-
reducing thermophilic archaeon Pyrococcus furiosus
was investigated for its capacity to desulfurize rubber.
The tyre rubber treated with P. furiosus for 10 days
was subsequently vulcanized with virgin rubber
material (15% wt/wt). This results in the desulfur-
ization of ground rubber and leads to a product with
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good mechanical properties (Bredberg et al., 2001).
The thermoacidophilic archaeon Sulfolobus acidocal-
darius has also been also tested for desulfurization of
rubber material (Bredberg et al., 2001).

Decontamination and 
hydrogen production

Microorganisms, growing in the presence of toxic
chemicals, heavy metals, halogenated solvents, and
radionuclides, can be used to detoxify those com-
pounds during treatment of waste. The archaeal
strains Thermococcus marinus and Thermococcus radiotol-
erans are resistant to high levels of ionizing and ultra-
violet radiation (Jolivet et al., 2004). The biological
treatment of synthetic saline wastewater was inves-
tigated. High removal efficiences were obtained at
salt concentrations above 4% using immobilized 
cells of Halobacterium halobium. Extremely halophilic
Archaea, such as Haloferax mediterranei, were found
to utilize crude oil even at high salinities and there-
fore could be used in bioremediation of polluted
sites. The strain Halobacterium sp. degrades n-alkanes
with a C10–C30 composition in the presence of 30%
NaCl. Halophilic archaea belonging to genera 
Haloarcula, Halobacterium, and Haloferax degrade
halogenated hydrocarbons, such as trichlorophenols
or the insecticides lindane and DDT. It has been
demonstrated that the hyperthermophilic anaerobic
archaeon Ferroglobus placidus is capable of oxidizing
aromatic compounds with the reduction of Fe3+.
Such microorganisms can be useful when heat treat-
ment is employed to aid in the extraction of organic
contaminants that are trapped in sediments. Textile
wastewater is often of high salinity and therefore
problematic for conventional biological treatment.
The use of halophilic microorganisms for the
biodegradation of the segregated dye bath has been
reported (Oren, 2002).

There is an increasing interest in the utilization of
renewable sources to satisfy exponentially growing
energy needs. Research on biological hydrogen pro-
duction became attractive due to the possible use of
biohydrogen as a clean energy carrier and raw mate-
rial. The production of hydrogen through photobio-
logical or heterotrophic fermentation routes depends
on a supply of organic substrates and could therefore
be ideally suited for coupling energy production with

treatment of organic wastes. A two-stage fermenta-
tion system was constructed for the production of
biohydrogen from keratin-rich biowaste (Balint et
al., 2005). First, the bacterial strain Bacillus licheni-
formis KK1 was employed to convert keratin-
containing waste into a fermentation product that is
rich in amino acids and peptides. In the next stage
the thermophilic anaerobic archaeon Thermococcus
litoralis was fermentated on the hydrolysate and
hydrogen was produced. Archaeal hydrogenases
have also been the target of intensive research. A
cytosolic NiFe-hydrogenase from the hyperther-
mophilic archaeon Thermococcus kodakaraensis is opti-
mally active at 90°C for hydrogen production, with
methyl viologen as the electron carrier (Kanai et al.,
2003).

Archaeal membrane lipids, 
proteins, and polymers

Lipids

Liposomes are artificial spherical closed vesicles con-
sisting of one or more lipid bilayers. Liposomes made
from ether phospholipids have been studied exten-
sively over the past 30 years as artificial membrane
models with remarkable thermostability and tight-
ness against solute leakage. Considerable interest has
been generated for applications of liposomes in 
medicine, including their use as diagnostic agents, as
carrier vehicles in vaccine formulations, or as deliv-
ery systems for drugs, genes, or cancer imaging
agents (Sprott et al., 2003). In general, archaeosomes
(liposomes from Archaea) demonstrate higher sta-
bility to oxidative stress, high temperature, alkaline
pH, attack by phospholipases, bile salts, and serum
proteins. Some archaeosome formulations can be
sterilized by autoclaving without problems of fusion
or aggregation of the vesicles. The uptake of archaeo-
somes by phagocytic cells can be up to 50-fold higher
than that of conventional liposomes (Patel & Sprott,
1999). Ether-linked lipids from halophilic Archaea
have high chemical stability and resistance against
esterases and thus a higher survival rate than lipo-
somes based on fatty acid derivatives (Margesin &
Schinner, 2001). Novel patented ether lipids, pre-
pared by pressure extrusion from the halophile
Halobacterium cutirubrum, were resistant to attack by
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phospholipases and could be stored for more than 
60 days. Cyclic and acyclic dibiphytanylglycerol
tetraether lipids were identified in non-thermophilic
crenarchaeotes (DeLong et al., 1998). The immune
stimulating activity of the lipid vesicles, prepared
from the archaeon Haloferax volcanii, was investi-
gated, and an increase in immune responses was
observed. The unique ability of the archaeosomes,
consisting of sulfoglycolipids, phosphoglycerols, 
and cardiolipins, to maintain antigen-specific T cell
immunity may be attributed to a property of the
archaeal 2,3-diphytanylglycerol lipid core (Sprott et
al., 2003). Due to their bipolar tetraether structure,
archaeal lipids have been also proposed as monomers
for bioelectronics (De Rosa et al., 1994).

Crystalline cell surface layers (S-layers) that are
composed of protein and glycoprotein subunits are
one of the most commonly observed cell envelope
structures of Bacteria and Archaea. S-layers could be
produced in large amounts by continuous cultivation
of S-layer-carrying microorganisms and used as iso-
porous ultrafiltration membranes or as matrices for
immobilization of biologically active macromolecules
such as enzymes, ligands, or mono- and polyclonal
antibodies (Sleytr et al., 1997). S-layers have been
shown to be excellent patterning structures in
molecular nanotechnology due to their high molec-
ular order, high binding capacity, and ability to
recrystallize with perfect uniformity on solid sur-
faces, at the water/air interface, or on lipid films. The
two-dimensionally organized S-layers of Sulfolobus
acidocaldarius are suggested to be of practical use 
as biomimetic templates for material deposition and
fabrication of advanced materials (Sleytr et al.,
1997).

Proteins and peptides

Production of antibiotic peptides and proteins is a
near-universal feature of living organisms regardless
of phylogenetic classification. Antimicrobial agents
from Bacteria and Eukarya have been studied for
more than 50 years. However, archaeal strains are
just at the beginning of investigation for the produc-
tion of peptide antibiotics. A variety of halocins have
been detected in halophilic Archaea. These antimi-
crobial agents are diverse in size, consisting of pro-
teins as large as 35kDa and peptide “microhalocins”
as small as 3.6kDa (O’Connor & Shand, 2002).
Microhalocins with an unclear mechanism of action

are hydrophobic and robust, withstanding heat,
desalting, and exposure to neutral residues, and are
not cationic. The microhalocins S8 and R1 lack the
biochemical and structural properties demonstrated
by other antibiotics, suggesting that their mecha-
nisms of action should be novel. The halocin H7 has
been suggested for reducing injury during organ
transplantation. Archaeocins are also produced by 
a thermoacidophilic Sulfolobus strain. The 20kDa
protein antibiotics are not excreted and are associ-
ated with small particles apparently derived from the
cell’s S-layer (O’Connor & Shand, 2002).

Chaperones and chaperonins of extremophilic
Archaea are useful agents in protein refolding, stabi-
lization, and solubilization of recombinant proteins
(Ideno et al., 2004; Maruyama et al., 2004). Peptidyl
prolyl cis-trans isomerase (PPIase) is involved in
many processes, such as the regeneration of dena-
tured protein, stabilization of proteins, production of
recombinant protein, and development of novel
immunosuppressant and physiologically active 
substances. A novel cyclophilin type PPIase derived
from Halobacterium cutirubrum was characterized
(Margesin & Schinner, 2001).

Extremely halophilic Archaea often contain mem-
brane-bound retinal pigments, bacteriorhodopsin
and halorhodopsin, that enable them to use light
energy directly for bioenergetic processes by the gen-
eration of proton and chloride gradients. Bacterio-
rhodopsin is a 26.5kDa protein with seven helical
protein segments in its transmembrane domain. The
excellent thermodynamic and photochemical stabil-
ity of bacteriorhodopsin has led to many technical
applications based on its protonmotive, photoelec-
tric, and photochemical properties. The applications
comprise holography, spatial light modulators, artifi-
cial retina, neural network optical computing, and
volumetric and associative optical memories. The
optical properties of bacteriorhodopsin could be
exploited to manufacture electronic ink for laptop
displays, which will be an important contribution to
the problem of battery lifetime in portable comput-
ing. Another application of bacteriorhodopsin is the
renewal of biochemical energy by conversion of ADP
to ATP. Such a solar-driven recycling system could be
of interest for biotechnological processes that require
large amounts of expensive ATP. A patented ATP-
synthesizing device, useful for bioelements, has been
obtained by using of bacteriorhodopsin and ATP 
synthase (Margesin & Schinner, 2001). Bacterio-
rhodopsin is commercially offered in the form of
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purple membrane patches, isolated from Halobac-
terium salinarum S9.

In recent years carotenoids have gained impor-
tance in the nutraceutical field. These pigments,
including canthaxanthin, have been shown to
possess physiological functions in the prevention of
cancer and heart diseases, in enhancing in vitro anti-
body production, and as precursors for vitamins.
Canthaxanthin was reported to have greater anti-
oxidant activity than its non-oxygenated analog; it
has been used as a food and feed additive, in cos-
metics, and in pharmaceuticals. Recently, the pro-
duction of this pigment by the archaeon Haloferax
alexandrinus was investigated. The highest produc-
tion of the pigment (2.19µg/l) was obtained during
batch fermentation of the strain on a medium with
25% salinity. Other carotenoids, such as 3-hydroxy
echinenone and trans-astaxanthin, are also produced
by Archaea (Asker, 2002).

Further archaeal properties could be used to
improve fermentation processes. For the harvesting
of cells after completion of fermentation, buoancy of
cells is desired. The genes coding for the synthesis of
gas vesicles in Halobacterium halobium were cloned.
The recombinant expression of these genes provided
the cells with the property of floating and the
biomass could be separated by skimming or decant-
ing (Oren, 2002).

Biopolymers

Polyhydroxyalkanoates are microbial storage com-
pounds with properties comparable to those of 
polyethylene and polypropylene. Such biodegradable
plastics could replace oil-derived thermoplastics. The
archaeon Haloferax mediterranei accumulates poly(β-
hydroxybutyric acid) up to 60% of cell dry weight.
Production can be enhanced to 6g/l using phosphate
limitation and starch as carbon source (Hezayen et
al., 2000). The polymer can be easily recovered using
cell lysis caused by an exposure of the cultures to low
salt concentrations. The maximum production of
poly(β-hydroxybutyric acid) (up to 53% of cell dry
weight) by another extremohalophilic archaeon was
reached after 11 days of fermentation on n-butyric
acid and sodium acetate as carbon sources (Hezayen
et al., 2000). In contrast to Haloferax mediterranei,
phosphate does not affect the polyester production by
the strain. The accumulated polyester was recovered
at 87% using chloroform extraction. The exopolymer

poly(γ-D-glutamic acid) can be used as a biodegrad-
able thickener, humectant sustained-release mate-
rial, or drug carrier in the food or pharmaceutical
industries. The extreme halophilic archaeon Natrialba
aegyptiaca starts to produce the polymer at 20% NaCl
and the maximum production is reached at NaCl 
saturation. After 90 hours of growth in a corrosion-
resistant bioreactor, 470mg/l of the polymer was pro-
duced (Hezayen et al., 2000, 2001).

Microbial exopolysaccharides are high molecular
mass polymers composed mainly of carbohydrates
excreted by Bacteria and Archaea. Among the family
Halobacteriaceae several species of the genus
Haloferax have been described as producers of extra-
cellular polysaccharides. The high viscosity at low
concentrations, excellent rheological properties, and
remarkable tolerance to high pH, temperature, and
salinity make these polymers suitable as emulsifying
agents and mobility controllers in microbial
enhanced oil recovery. Furthermore, several biosur-
factant producers such as Methanothermobacter ther-
moautotrophicum produce bioemulsifiers active over a
wide range of pH (pH 5–10) and at high salinities (up
to 20%) (Oren, 2002).

Compatible solutes

Accumulation of osmotically active substances, 
so-called compatible solutes, by uptake or de novo
synthesis, enables microorganisms to reduce the dif-
ference between osmotic potentials of the cell cyto-
plasm and the extracellular environment. Those
compounds are highly water-soluble sugars, alcohols,
amino acids, or their derivatives. They gained
increasing attention in biotechnology due to their
action as stabilizers of enzymes, DNA, membranes,
tissues, and stress-protecting agents (Borges et al.,
2002). Additionally, compatible solutes support 
the high-yield periplasmic production of functional
active recombinant proteins in different expression
systems (Barth et al., 2000). Di-myo-inositol-1,1′-
phosphate is the most widespread solute of hyper-
thermophilic Archaea and was never detected in a
mesophile. This thermoprotective compound was
found in a variety of archaeal strains (Table 26.5;
Santos & da Costa, 2002). In most of these organisms,
an increase of the solute concentrations is observed 
at growth temperatures above the optimum, 
reaching 20-fold in the case of Pyrococcus furiosus
grown at 101°C. In contrast, the concentration of
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Table 26.5 Other applications of extremophilic Archaea.

Product Strain Application Ref.

Bacteriorhodopsin Halobacterium salinarum Holography, color-sensors, neural Margesin & Schinner, 2001
network optical computing, 
spatial light modulators

Carotenoids (canthaxanthin) Haloferax alexandrinus Food and feed additives, cosmetics Asker, 2002

Chaperones, chaperonins, Halobacterium cutirubrum Stabilization and solubilization of Iida et al., 2000; Fox et al., 2003;
maltodextrin-binding proteins, Haloferax volcanii recombinant proteins Laksanalamai et al., 2003; Lund et al., 
peptidyl-prolyl cis-trans Methanothermococcus sp. 2003; Suzuki et al., 2003; Ideno et al.,
isomerases Pyrococcus spp. 2004; Maruyama et al., 2004

Sulfolobus shibatae
Thermococcus spp.

Compatible solutes Aeropyrum pernix Cosmetics, biomolecules and tissue Desmarais et al., 1997; Barth et al., 2000;
(mannosylglycerate, Archaeoglobus spp. stabilizers, molecular biology Borges et al., 2002; Santos & da Costa,
mannosylglyceramide, diglycerol Methanococcus igneus 2002; Pfluger et al., 2003
phosphate, di-myo-inositol- Methanopyrus kandleri
phosphate, N-acetyl-β-lysine, Methanosarcina thermophila
trehalose, 2-sulfotrehalose, Methanothermus fervidus
cyclic-2,3-bisphosphoglycerate) Natronobacterium spp.

Natronococcus sp.
Pyrobaculum aerophilum
Pyrococcus spp.
Pyrodictium occultum
Pyrolobus fumarii
Thermococcus spp.

Cytochrome P450 Sulfolobus solfataricus Selective regio- and stereospecific Vieille & Zeikus, 2001
hydroxylations in chemical 
synthesis

DNA topoisomerase type I-group B Methanopyrus kandleri Modeling of novel drugs Margesin & Schinner, 2001

Expression systems (vector/host) Haloarcula hispanica Production of recombinant proteins Holmes et al., 1994; Aagaard et al.,
Halobacterium salinarum 1996; Cannio et al., 2001;
Haloferax volcanii Jonuscheit et al., 2003; Zhou et al.,
Methanococcus spp. 2004; Kaczowka et al., 2005
Sulfolobus solfataricus
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Ni-Fe-hydrogenase Thermococcus kodakaraensis H2 production Kanai et al., 2003

Peptides, proteins Sulfolobus islandicus O’Connor & Shand, 2002
Sulfolobicin Halobacterium salinarum Antibiotics

Halocins Haloferax mediterranei
Haloferax gibbonsii
Strain S8a (Archaea)

Polymers
Exopolysaccharides Haloferax spp., Halobacterium spp. Emulsifiers Margesin & Schinner, 2001

Poly(γ-D-glutamic acid) Natrialba aegyptiaca Food and pharmaceuticals Hezayen et al., 2001

Poly(β-hydroxy butyric acid) Haloferax mediterranei Bioplastics Hezayen et al., 2000
Strain 56 (Archaea)

S-layer proteins, lipids, liposomes Halobacterium spp. Vaccine development, diagnostics, Sleytr et al., 1997; DeLong et al.,
Haloferax volcanii biomimetics, drugs, 1998; Patel & Sprott, 1999;
Haloarcula japonica nanotechnology Eichler, 2003; Sprott et al., 2003;
Methanobrevibacter smithii Upreti et al., 2003
Methanococcus spp.
Methanothermus spp.
Natronobacterium sp.
Staphylothermus marinus
Sulfolobus solfataricus

Whole cell biocatalysis Palaeococcus ferrophilus Formation of gels and starch Abe & Horikoshi, 2001; Gomes &
Thermococcus barophilus granules Steiner, 2004

Methanogenic Archaea Methane production, low Scherer et al., 2000; Schiraldi et al., 2002
temperature waste treatment

Haloarcula spp. Detoxification of halogenated Norris et al., 2000; Jolivet et al., 2003, 
Halobacterium spp. organic compounds and toxic 2004
Haloferax spp. metals, nuclear waste treatment
Thermococcus gammatolerans
Thermococcus marinus
Thermococus radiotolerans
Sulfolobus metallicus

Pyrococcus furiosus Rubber recycling Bredberg et al., 2001
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mannosylglycerate, detected in the euryarchaeotes of
the genera Archaeoglobus, Pyrococcus, Thermococcus, and
Methanothermus and in the crenarchaeote Aeropyrum
pernix, increases concomitantly with the salinity of
the medium and serves therefore as a compatible
solute under salt stress. Mannosylglycerate has also
been observed to have a profound effect on thermo-
protection and protection against desiccation on
enzymes of mesophilic, thermophilic, and hyperther-
mophilic origin. The biosynthetic routes for the syn-
thesis of mannosylglycerate in the archaeon
Pyrococcus horikoshii and di-myo-inositol-1,1′-phos-
phate in Pyrococcus woesei and Methanococcus igneus
have been investigated (Chen et al., 1998; Scholz et
al., 1998; Empadinhas et al., 2001). The hyperther-
mophilic archaeon Archaeoglobus fulgidus accumulates
a very rare compound diglycerol phosphate under
salt and temperature stress. This solute demonstrated
a considerable stabilizing effect against heat inactiva-
tion of various dehydrogenases and a strong protec-
tive effect on bacterial rubredoxins (with a fourfold
increase in the half-lives) (Lamosa et al., 2000). A
compatible solute, cyclic 2,3-bisphosphoglycerate,
has been detected only in methanogenic Archaea
such as Methanopyrus kandleri. The thermoprotective
role of this solute was proven by in vitro studies
showing that the solute protects selected enzymes
from M. kandleri against thermal denaturation
(Santos & da Costa, 2001). Another compatible
solute, restricted to methanogenic Archaea, is a deriv-
ative of β-amino acid (Nε-acetyl-β-lysine), which is
synthesized in response to increasing osmotic stress in
both marine and non-marine species of methano-
genes. The first genes involved in the biosynthesis of
the solute have been identified (Pfluger et al., 2003).
A novel compound, 2-sulfotrehalose, was found to be
the major organic solute accumulated by halophilic
Archaea from the genera Natronococcus and
Natronobacterium, which grow under high salt and
high pH conditions (Desmarais et al., 1997).

Advantages and limitations of using
extremophilic Archaea

Bioprocesses under extreme conditions

Running processes under extreme conditions such as
elevated temperature has many advantages, includ-

ing increased solubility of polymers, decreasing 
viscosity, increased bioavailability, and a decreased
risk of contamination. Stable enzymes derived from
extremophilic Archaea are active in organic solvents
and detergents, and they are more resistant to pro-
teolytic attack. The efficient separation of recombi-
nant extremozymes from mesophilic production
hosts can be achieved by simple treatment such as
heat denaturation, extraction with organic solvents,
or increased salinity. Consequently, the delivery of
sufficient amounts of enzymes for industrial trials
can be obtained. The availability of extremozymes
capable of catalysis at high pressures will also offer a
novel biotechnological alternative to currently
running processes, especially in the food industry.
During the processing and sterilization of food 
materials, high pressure can be used to induce the
formation of gels and starch granules, the denatura-
tion/coagulation of proteins, or the transition of lipid
phases. The use of high pressure leads to better flavor
and color preservation.

On the other hand, a number of limitations 
have so far prevented the broad application of
extremophiles. These limitations include difficulties
associated with large-scale cultivation of extre-
mophiles, non-efficient systems for the overexpres-
sion of archaeal genes and unknown factors that
confer enzyme stability under extremes of tempera-
ture, pH, and pressure.

Enzyme stabilization

Thermoactive enzymes have been investigated
intensively and used as model systems to understand
structure–function relationships. Three-dimensional
structures of thermostable enzymes have been
resolved and compared with their mesophilic coun-
terparts. So far, no single stabilizing factor has been
found that seems to be responsible for thermostabil-
ity of enzymes from extremophiles. Several mecha-
nisms are thought to confer the stability of proteins
from extremophiles, such as an increased hydropho-
bicity and surface charge, an increased number of 
ion pairs and hydrogen bonds, decreased flexibility
and decreased size of surface loops, reduced ratio of
surface area to volume, less exposed thermolabile
amino acids, and truncated amino and carboxyl
termini. Other factors affecting the stability of
extremozymes include the presence of salts, high
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mophiles, thermoacidophiles, and halophiles.
Expression systems in Haloferax, Methanococcus, and
Sulfolobus species have been constructed (Gardner &
Whitman, 1999).

Conclusions

Owing to their properties, such as activity over a
wide temperature and pH range, substrate specificity,
stability in organic solvents, diverse substrate 
range, and enantioselectivity, extremophiles and
their enzymes will represent the choice for countless
future applications in industry. The growing demand
for more robust biocatalysts has shifted the trend
toward improving the properties of existing proteins
for established industrial processes and producing
new enzymes tailor-made for entirely new areas of
application. The new technologies, such as genomics,
metanogenomics, gene shuffling, and mutagenesis,
provide valuable tools for improving or adapting
enzyme properties to the desired requirements.
However, the success of these techniques demands
the production of recombinant enzymes on a large
scale, allowing experimental trials and application
tests. Thus, modern methods of genetic engineering,
combined with an increasing knowledge of the 
structure and function, and process engineering, will
allow further adaptation to industrial needs, the
exploration of novel applications, and protection of
the environment.

BIOTECHNOLOGY 321

protein concentrations, stabilizers such as sorbitol,
thermamine, or cyclic polyphosphates, and ultrahigh
pressure (up to 50MPa) (Bruins et al., 2001). As
described for other microorganisms, chaperones,
which assist protein folding, are also found in ther-
mophiles (Demirjian et al., 2001). However, stabi-
lization mechanisms are still not clearly elucidated
and further efforts are needed to understand struc-
ture–function relationships.

Heterologous gene expression

Molecular cloning of the archaeal genes and their
expression in heterologous hosts circumvent the
problem of insufficient expression in natural hosts.
A variety of archaeal enzymes have been cloned and
successfully expressed in mesophilic hosts such as
Escherichia coli, Bacillus subtilis, and yeasts. In E. coli
the overexpression of proteins was optimized using
cotransformation of the host cells with a plasmid
encoding tRNA synthases for low-frequency codons.
Recombinant enzymes could be also obtained by
cloning and expressing a synthetic gene with a codon
usage optimized for the corresponding host. To over-
come the limitations of different codon usage, the
production of recombinant proteins can be increased
using extremophilic microorganisms as hosts for
autologous gene expression. Therefore, expression
systems using extremophilic Archaea as production
hosts have to be developed, including hyperther-
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Wolfram Zillig was a lively and enthusiastic
researcher who vigorously promoted the concept 
of Archaea with his sharp intellect and creative
experimentation. He greatly valued the interaction
between molecular biology and the study of micro-
bial evolution and approached important questions
in these fields with an intellectual and physical
energy that left a lasting impression on those of us
who he trained and worked with.

Wolfram Zillig was a brilliant scientist who made
a major impact on Archaea research for more than

two decades with many outstanding contributions
and he was highly active at the lab bench until the
age of 78. The hyperthermophilic Archaea found in
hot springs attracted him especially, as did their
novel, and amazingly diverse, viruses. His lively,
original, and entertaining discussions were a daily
occurrence in the laboratory. This, combined with 
his charismatic and cheerful character, made him a
wonderful mentor and friend. He will stay in the
memory of his friends and co-workers for many
years.

The picture was taken by F. Pfeifer in the lab at the
Max-Planck-Institut für Biochemie. Wolfram Zillig is
inspecting Pelomyxa, a methanogen-containing lower

eukaryote that he collected from the Löschteich at
the MPI in Martinsried and tried to grow in the lab.

Wolfram Zillig
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S-layer proteins 316, 319
SM1 46
small noncoding RNAs 229–38
small nucleolar ribonucleoproteins
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trehalose synthase 298
trehalosyl dextrin-forming enzyme
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viruses 27
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Plate 2.1 Unrooted maximum likelihood trees based on (a) a concatenation of 53 r-proteins (5879 positions)
and (b) a concatenation of 12 RNA polymerase subunits and two transcription factors (2629 positions). The trees
were calculated by PHYML (JTT model, gamma correction (eight discrete classes), an estimated alpha parameter,
and an estimation of the proportion of invariant positions; Guindon & Gascuel, 2003). Numbers at nodes are
bootstrap values calculated from 1000 replicates by PHYML. The scale bar represents the percentage of
substitutions per site.
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MVATLGQQTIRGERIRRG***************FRTRTLPHFPVGDI*GAFSGGFV

-A-L----SV-----Y--***************Y-D-F----KP--L*-PAAR---

-A-M----AV--R-----***************L-N-V-A--KEN--*EPEAW---

-A-M----SV-----K--***************YM-------KPY--*SPEAR--I

-T-L----SV--------***************Y-E---SL-KY---*APEAR---

-T-M----SV-----K--***************YM-------KP---*SPDAR---

-ALIG---AVM---PH-AKHNTEHIMEKIVNYSYTD-VT---EKSL-P-VKE----

V-GLV---S-S-R-MEE-***************YKD-V----KK--K*S-KAR---

-A-M----S---K-LY--***************Y-E-V-T--KP--L*--RAR---

-A-M----S---K-LY--***************Y-G-V-T--KP--L*--RAR---

-A-M----S---K-LY--***************Y-G-V-T--KP--L*--RAR---

-A-L----S---K-LY--***************--G-V-S--KP--L*--RAK---

-A-L----S---R-LY--***************-KG-V-S--KP--L*--RAK---

-A-L----S---K-LY--***************--G-V-S--KP--L*--RAK---

-A-C----SV--K--F--***************Y-G-V----EK--L*--R-H---

-A-SV---SV--G-VF--***************Y-E------GK-SL*D-K-H---

-A-SV---SV--G-VF--***************Y-G------GE-SL*D-K-H---

IT-CV---SVH-G--T--***************YDN------KK-EL*--K-R---

VAGMV---SV--G-LN--***************YSG------KEN-L*--YAR---
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Plate 2.2 Unrooted maximum likelihood tree of RNA polymerase A1 subunit (720 positions). Calculation was
made by PHYML (JTT model, gamma correction (eight discrete classes), an estimated alpha parameter, and an
estimation of the proportion of invariant positions; Guindon & Gascuel, 2003). Numbers at nodes are bootstrap
values calculated from 1000 replicates by PHYML. The scale bar represents the percentage of substitutions per
site. An example of insertion specific to Methanopyrus kandleri is provided. It corresponds to positions 808–822 of
its RNA polymerase A1 subunit.
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Plate 2.3 Consensual and likely phylogeny of Archaea for which complete genome sequences are available,
drawn after the compilation and careful analysis of all genomic studies and data.
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Plate 2.4 Unrooted maximum likelihood tree of reverse gyrase. Calculation was made by PHYML (JTT model,
gamma correction (eight discrete classes), an estimated alpha parameter, and an estimation of the proportion of
invariant positions; Guindon & Gascuel, 2003). Numbers at nodes are bootstrap values calculated from 1000
replicates by PHYML. The scale bar represents the percentage of substitutions per site.

Plate for chapter 2  9/28/06  7:38 PM  Page 4



To
p

o
lo

g
y

G
en

e

Plate 3.1 Heat map analysis of phylogenetic congruence for archaeal core genes from Bapteste et al. (2005).
Reproduced under the Open Access agreement of BioMed Central. The rationale and method of this analysis are
discussed in the text and at length in Bapteste et al. (2005). This heat map includes both results with real genes
(red) in the 44 gene data set of Matte-Taillez et al. (2002) and manipulated gene data sets (blue), in which up to
three “LGT events” have been simulated by assigning the same gene sequence to two taxa. The partial
admixture of the two implies that some quite radical LGT events may escape detection although in general such
artificial data reject most tested topologies. Real genes with weak phylogenetic signal are unable to distinguish
between many topologies and the rows corresponding to such genes have many light-colored squares. The bar at
the top shows the colors assigned to p-values for each gene against each topology, ranging from 0 (no support)
to 1 (support).
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Plate 3.2 Implications of a global population model for microbial genome evolution. Genomes (ovals) comprise
a single global population and, over all of evolutionary time, the rate of LGT is such that no two genes have the
same phylogeny. Each family of genes (red and green represent two such families) can trace its ancestry to a last
common ancestral gene present in some genome in the past but, because of LGT, no two gene families’ ancestors
will have existed at the same time or in the same genome. The cell envelope, as a token of organismal
evolution, will also have a phylogeny (indicated by blue arrows), traceable to a last common ancestral cell, but
this particular cell will not have contained the last common ancestral version of any modern genes.
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Plate 4.1 The world of Archaea. Phylogenetic tree of 16S rDNA sequences illustrating the major lineages of the
domain Archaea. Triangles in light colors represent branches with exclusively uncultivated species, dark triangles
show branches in which at least one cultivated species occurs. The size of the triangle is proportional to the
number of sequences analysed. In all, 1344 16S rDNA sequences were included in the analysis (mostly full-
length). The backbone of the tree was calculated with 55 full-length sequences by using maximum likelihood in
combination with filters excluding highly variable positions (ARB software package). Asterisks indicate lineages
that contain sequences from hydrothermal vents (see text).
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(a) (b)

Plate 4.2 Visualization of uncultivated Euryarchaea by fluorescence in situ hybridization (FISH). (a) ANMEII
Euryarchaea (red) in association with sulfate-reducing Bacteria (green) in sediments above methane hydrates.
Image courtesy of T. Lösekann and K. Knittel, Max-Planck-Institute for Marine Microbiology, Bremen, Germany.
(b) Diverse Euryarchaea in freshwater plankton (Valkea Kotinen, Southern Finland; see Jurgens et al., 2000).
Image courtesy of G. Jurgens, University of Helsinki, Finland.

(a) (b)

Plate 4.3 Images of microbial reef structures on the bottom of the Black Sea. (a) Chimney-like structure (image
courtesy of R. Seifert, Institute of Biogeochemistry and Marine Chemistry, University of Hamburg). (b) Brocken
structure of about 1m height, with microbial mats in pink color inside and grayish outside, with greenish-gray
inner part containing porous carbonate. (From Michaelis et al., 2002, with permission from the publisher.)
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43377 bp
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Soil Michigan 
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16S          23S
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Plate 4.4 Highly conserved genes among terrestrial and marine Crenarchaea coding for subunits A, B, or C of a
putative ammonia monooxygenase and a copper-dependent nitrite reductase (nirK). All genes indicate that these
non-thermophilic Crenarchaea might be ammonia oxidizers. (a) Terrestrial clone 54d9 recovered from a
metagenomic library of a sandy ecosystem (Treusch et al., 2004, 2005) links these genes to the ribosomal RNA
operon of Crenarchaea, thereby pointing to their origin. Genes for subunits A, B, and C and nirK were found by
similarity screening in the dataset obtained by shotgun sequencing DNA from the Sargasso Sea and amoC and
nirK were identified in a shotgun sequencing dataset from a soil in Michigan. (b) The strikingly high
conservation of the putative amoA subunit among marine and terrestrial Crenarchaea is depicted, comparing
partial sequences from soil DNA, soil cDNA, and the Sargasso Sea dataset.
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(a) (c)(b)

Plate 5.1 (a) Light microscopy (phase contrast), (b) DAPI stain, and (c) transmission electron micrograph
(platinum-shadowed) of dividing cells of Ignicoccus sp. strain KIN4/I with cells of Nanoarchaeum equitans in similar
magnification (bar 2µm).
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Plate 6.1 Inter-family and intra-family orthologous relationships among genes of crenarchaeal viruses. The
numbers over each line indicate the number of inferred orthologous genes between the respective viruses. The
thickness of the lines is roughly proportional to the number of orthologs. (Designed by E. Koonin, modified from
Prangishvili et al., 2006.)
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(a) (b)

Plate 7.1 Genome organization. Pairwise genome comparisons of protein homology with GenePlot
(www.ncbi.nlm.nih.gov/sutils/geneplot). (a) Two closely related Pyrococcus species, P. abyssi (horizontal) versus P.
horikoshii (vertical). (b) Two distantly related Euryarchaeota species, P. abyssi (horizontal) versus M. jannaschii
(vertical).

Plate 7.2 Distribution of genes by role category. Left, logarithmic scale and blue and red bars: number of genes
categorized within the 25 biological role categories of COGs (Tatusov et al., 2003). Bars indicate minimal,
maximal, and average number of genes for five Crenarchaea (red) and 16 Euryarchaea (blue). Species named in
Table 7.2, without M. barkeri and N. pharaonis (not yet analysed in COGs). Abbreviations for role categories: J,
translation; A, RNA processing and modification; K, transcription; L, replication, recombination, and repair; B,
chromatin structure and dynamics; D, cell cycle control, mitosis, and meiosis; Y, nuclear structure; V, defense
mechanisms; T, signal transduction mechanisms; M, cell wall/membrane biogenesis; N, cell motility; Z,
cytoskeleton; W, extracellular structures; U, intracellular trafficking and secretion; O, post-translational
modification, protein turnover, chaperones; C, energy production and conversion; G, carbohydrate transport and
metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; H, coenzyme
transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q,
secondary metabolites biosynthesis, transport, and catabolism; R, general functions prediction only; S, function
unknown; X, not in COGs. Right, linear scale and blue (Archaea), green (Bacteria), and black (Eukarya) dots:
fraction of genes categorized within the role categories of COGs.
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Plate 8.1 Conservation of predicted protein genes. The overlapping circle plot shows the number of genes
exclusive to one species, and the number of homologous genes shared between pairs of species or between all
three. S. solfataricus, red numbers; S. tokodaii, green numbers; S. acidocaldarius, blue numbers.
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Plate 8.2 Comparison of the ordering of the chromosomal genes between S. solfataricus and S. acidocaldarius (blue
dots), and S. tokodaii and S. acidocaldarius (red dots). Homologous genes are plotted on the basis of their
chromosomal positions such that regions with a conserved gene order yield diagonal lines. Each dot represents a
single gene.
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(a)

(b)

Plate 8.3 A summary of the conserved and variable regions within the genome variants of crenarchaeal viruses.
(a) Sulfolobus rudivirus SIRV1 where the gene map of the closely related SIRV2 is taken as a reference for the
closely related variant genomes and ORFs are represented by arrows. Distributions of both the variable regions
(labeled A to F) and the 12bp elements are illustrated. 12bp elements occurring only in the SIRV1 variants are
denoted by vertical blue lines and those exclusive to SIRV2 are indicated by vertical red lines (Peng et al., 2004).
Approximate positions of the ITRs are given. (b) Thermoproteus tenax lipothrixvirus TTV1. A scheme is presented
for genomic sections I and II from the original isolate (WT) and variant VT3, which exhibit low sequence
complexity. Repetitive CCNACN sequences are represented by rectangle blocks and those of identical sequence
are assigned the same numbers and colors. Observed insertion/deletions between WT and VT3 are indicated by
lines. A 17bp perfect direct repeat, denoted by arrow heads, occurs at the beginning of block 4, and in the
partitioned block 1 in section I of VT3. The numbers of CCNACN repeats and proline-threonine repeats (PT)n are
shown for VT3.
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Plate 13.1 Histone fold sequences and structure. The complete sequences of representative archaeal
histones are shown aligned with the sequences of the histone fold regions of eukaryotic (Xenopus) histones
H3 and H4. As illustrated, the HMk sequence forms two histone folds. The α-helical regions of the histone
folds are colored correspondingly in the alignment and structures. Black bars overline the regions that
directly contact the DNA. Residues that stabilize histone dimer (�) and tetramer (�) formation are
identified. As indicated, the histone fold monomer structure is universally stabilized by an arginine
(R)–aspartate (D) interaction, and histone fold tetramers by the assembly of a four α-helix bundle (4HB).

Plate 13.2 Sso10b/Alba sequences and structure. The sequences of Sso10b1/Alba1 from Sulfolobus
solfataricus (SsoAlba1), Methanococcus jannaschii (MjaAlba1), Archaeoglobus fulgidus (AfuAlba1), and
Methanothermobacter thermautotrophicus (MthAlba1) are shown aligned with the sequence of Sso10b2/Alba2
from S. solfataricus (SsoAlba2). The β-strand and α-helical regions are colored correspondingly in the
sequences and in the dimer :dimer assembly modeled above to the left. The black bars identify regions that
interact directly with DNA, as modeled and illustrated above to the right. Residues that stabilize dimer (�)
and tetramer (�) formation, and the lysine residue (�) in Sso10b1/Alba1 (K16) that is acetylated in vivo in
S. solfataricus are identified.
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Plate 13.3 Sul7d sequences and structure. The sequences of the Sul7d proteins from S. acidocaldarius (Sac)
and S. solfataricus (Sso) are aligned with the β-strand and α-helical regions colored correspondingly in the
sequences and in the Sac7d–DNA complexes shown above. The black bars identify regions that interact
directly with DNA, and residues that specifically bind DNA (Y8, W24, V26, M29, and R42) are circled in
the Sac7d sequence. Residues required for the RNase activity (K12 and E45) of Sso7d, and the site of α1
truncation in an Sso7d deletion mutant (L54∆) that retains DNA-binding activity are circled in the Sso7d
sequence. Lysine residues that are ε-amino-monomethylated in vivo are identified (�).

Plate 13.4 MC1 sequence and structure. The sequence of the MC1 protein from Methanosarcina thermophila
is shown below the solution structure determined for this protein (Paquet et al., 2004). The α-helix and β-
strand regions are colored identically in the sequence and structure, with the location of the DNA binding
domain, identified by cross-linking studies, indicated.
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Plate 16.1 Structural comparison of archaeal and eukaryotic TBP. Tube models of TBP monomers from
Saccharomyces cerevisiae (PDB: 1TBP) and Pyrococcus woesei (PDB: 1PCZ) are shown. Acidic residues are indicated in
red and basic amino acids in blue. Both molecules show a symmetrical saddle-shaped form. Archaeal TBPs are
more acidic, whereas eukaryotic TBPs contain more basic residues. The eukaryotic TBP was crystallized without
the N-terminal extension and the archaeal TBP crystal does not contain the C-terminal acidic tail. The acidic
residue in the Pyrococcus TBP (not present in Saccharomyces) that is involved in site-specific cation binding is
shown in yellow (Bergqvist et al., 2001).

Plate 16.2 Summary of site-specific protein–DNA photo cross-linking data of Pyrococcus. Interactions of TBP,
TFB, and RNA polymerase with the promoter region of the gdh promoter are shown in different colors. The
colored regions indicate strong interactions and the boxed regions indicate weak interactions. Moderate DNA
interactions with subunit B are shadowed in gray. The plate summarizes data shown in Bartlett et al. (2000,
2004) and Renfrow et al. (2004). The transcription start site is labeled by an arrow; the TATA box, BRE region,
and the transcription bubble are indicated.
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Asparaginase active site

Amidotransferase active site

GatE

GatD

tRNAGln

Plate 18.1 Crystal structure of the M. thermautotrophicus GatDE complexed with tRNAGln. The dimer of the
heterodimeric GatDE (thus forming a heterotetramer) binds two tRNA molecules. The asparaginase active site of
GatD and the kinase/amidotransferase active site of GatE are distantly separated, and are connected with a
“molecular tunnel.”
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Plate 19.1 a/eIF2-γ is a structural homolog of elongation factor 1. The three-dimensional structures of archaeal
IF2-γ subunit (left) and of bacterial elongation factor Tu (right) with a bound guanine nucleotide are compared.
α-Helix elements are shown in green, while β sheets are shown in yellow. The G-nucleotide binding site in both
proteins, and the a/eIF2-γ specific zinc-finger, are indicated by arrows. (Taken from the NCBI structure
databank.)

a/eIF2-a ( pyrococcus abissi) eIF2-a (human)

Plate 19.2 The IF2 α-subunit in Archaea and Eukarya. The similarity in the three-dimensional folding between
the eIF2 and a/eIF2 α-subunits is shown. Colouring is as in Plate 19.1. The arrows indicate the exposed loop
containing the serine residue, which is phosphorylated in the eukaryal protein. (Taken from the NCBI structure
databank.)

Plate for chapter 19  9/28/06  7:37 PM  Page 1



G domain

Domain III

Domain IV

Domain II

Plate 19.3 The “chalice” structure of aIF2. Three-dimensional folding of Methanococcus thermoautotrophicus aIF2.
The four domains that compose the proteins are shown in different colors: domain I (G domain), magenta;
domain II, blue; domain III, brown; domain IV (the f-met-tRNA binding domain in the bacterial protein), green.
(Taken from the NCBI structure databank.)
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Plate 20.1 Structural organization of box C/D and box H/ACA ribonucleoprotein complexes. The schematic
structure of archaeal C/D box and H/ACA box RNPs are depicted in (a) and (b) respectively and the structure of
the K-turn motif is represented in (c). (a) The archaeal C/D box sRNAs are bipartite molecules about 50–60
nucleotides in length that guide 2′-O-ribose methylation to target RNAs. They contain the conserved C
(RUGAUGA) and D (CUGA) box sequences near their respective 5′ and 3′ ends and second copies, termed C′
and D′, located near the center of the molecule. The C and D and C′ and D′ sequences form K-turn structural
motifs within the RNA. The active RNP complex contains three proteins, L7Ae, Nop5, and Fib (Fibrillarin), each
present in two copies per complex. This contributes to the symmetrical structure of the complex. The guide
sequences are located immediately preceding the D or D′ boxes; when base paired with a complementary target
RNA, methylation is directed to the nucleoside in the target molecule that is base paired five nucleotides in front
of the beginning of the D′ or D box sequence; this is the N plus five rule. Many archaeal C/D box sRNAs contain
two guide sequences and direct methylation to closely linked target sites within the small or large subunit
rRNAs. (b) The core RNA component of box H/ACA RNPs is a helical structure with an internal loop containing
the bipartite guide sequence and the pseudouridine (ψ) pocket, a K-turn loop and terminal loop containing the
conserved GAG sequence, and the conserved box ACA located at the 3′ base of the stem. In some cases the stem
is truncated at the K-turn loop and the terminal loop containing the GAG sequence is missing. The Cbf5 and the
L7Ae proteins bind separately to the RNA. Cfb5 recognizes determinants in the box ACA, the pseudouridine
pocket, and GAG terminal loop (when present) for binding to the RNA, and through protein–protein
interactions recruits Gar1 and Nop10 to the complex. The guide sequence is bipartite and located in the large
internal loop containing the pseudouridine pocket. Binding of the target RNA positions the uridine to be
isomerized into the pocket (adapted from Baker et al., 2005). The primary nucleotide sequence of a typical box
C/D RNA motif used for co-crystallization with the L7Ae protein is illustrated in the open form (c) and the
closed tightly kinked form (d) that occurs when the RNA is bound by the protein in the co-crystal (adapted from
Moore et al., 2004). The K-turn motif exhibits a sharp bend of between 45 and 63° and is characterized by two
sheared A :G base pairs that close the loop and cause the adjacent U at position 18 to protrude from the loop.

(c) (d)
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Plate 20.2 Ribonucleoprotein complexes that contain the L7Ae protein. The S. solfataricus RNA K-turn motif is
common to many different RNA transcripts and is the binding site for the L7Ae protein. Examples of all of the
RNAs have been isolated from the two small RNA libraries that have been characterized (see text). The different
complexes include: (i) the 50S subunit of the ribosome; (ii) box C/D methylation guide sRNPs; (iii) box H/ACA
pseudouridylation guide sRNPs; (iv) the RNP complex that mediates processing of the precursor rRNA transcript;
(v) the 7S RNA containing signal recognition particle; and (vi) sense, antisense, and intergenic RNAs. In
addition, S. solfataricus also contains antisense RNAs to at least some box C/D sRNAs and to 7S RNA. These RNAs
do not bind L7Ae directly but are believed to be at some time in RNP complexes that contain the protein; the
function of these antisense RNAs CD is not known. The scheme depicting the early stages of ribosome biogenesis
is illustrated in three steps at the top of the plate. The first step (right) shows the rRNA primary transcript. The
16S and 23S rRNA sequences are depicted as loops extending from the top of the respective processing stems
containing the bulge–helix–bulge motif that is the substrate for the tRNA intron excision endonuclease. The 23S
rRNA processing stem also contains a K-turn motif. The 5′ETS, ITS and 3′ETS are depicted as solid lines. In the
second step (center) the binding of the L7Ae to the K-turn and the intron excision endonuclease, and the
putative ligase to the BHB motifs, is illustrated. In step three (left), the endonuclease cleaves in the loops on
opposite sides of the processing stem and the ligase connects the 5′ and 3′ ends so that the pre 16S and pre 23S
rRNAs are released from the primary transcript as circular intermediates. The ligase also joins the 5′ETS to the
ITS and the ITS to the 3′ETS. A maturase activity is required to remove precursor sequences from the circular
pre 16S and pre 23S RNAs and convert them to the linear mature forms. The ligase and maturase activities have
not been identified or characterized.

Plate for chapter 20  9/28/06  7:39 PM  Page 2



Plate 20.3 Sense and anti-sense RNAs associated with L7Ae. The predicted structures of sR110, sR114, and
sR129 are illustrated. The initiation and termination codons are highlighted in black. The nucleotides forming
the predicted K-turn motifs are in blue and the L7Ae protein bound to the RNA is depicted. (a) sR110 is
overlapping the 5′UTR and the first 21 nucleotides of the protein coding region of the formate dehydorgenlyase
subunit 4. The Shine–Dalgarno motif present in the 5′UTR of the mRNA transcript is highlighted in green. (b)
sR114 overlaps the 3′end and 3′UTR of a hypothetical transposase-related protein and the predicted L7Ae
binding site of this RNA is overlapping the termination codon. (c) sR129 RNA is complementary to the 3′ end
and part of the 3′UTR of the mRNA coding for transposase 1439.
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Plate 21.1 Volcano plot (statistical significance on y-axis, log2 fold change on x-axis) for P. furiosus grown in the
presence of elemental sulfur on tryptone compared to tryptone/yeast extract-based media. Significant changes in
the transcriptome (165 genes differentially expressed twofold or more) were observed upon addition of yeast
extract.

Plate 21.2 Differential expression of genes encoding protein folding and degradation complexes in P. furiosus
upon heat shock. Immediate response after reaching 105°C fold change values are indicated for the tryptone and
maltose grown cells, respectively, following a shift from 90 to 105°C. Genes encoding the thermosome, the small
heat shock protein, and probably VAT (Rockel et al., 2002) were differentially expressed to a greater extent in
the early going compared to the 60 minute case reported previously (Shockley et al., 2003).
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Plate 22.1 Non-orthologous gene displacement. COG analysis of the EMP pathway; COG numbers are given
(see Table 22.1) and the distribution of orthologous genes in the three domains of life Archaea (A), Bacteria (B),
and Eukarya (E) is given by the color code indicated. Although the COG classification is very useful for
comparative studies, one has to keep in mind that a single COG may contain homologs with different
physiological roles (substrate specificities); for example, the paralogous archaeal GLK and PFK kinases
(COG4809).

(a)

(b)

Plate 22.2 Convergent evolution of a metabolic enzyme. Crystal structure of phosphoglucose isomerase with
bound 5-phospho-D-arabinonate from (a) Pyrobaculum aerophilum and (b) Pyrococcus furiosus.
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(a)

(c) (d)

(b)

Plate 23.3 Structural model of the sulfur oxygenase reductase. (a) Molecular surface representation of the
holoenzyme viewed from the crystallographic fourfold axis highlighting the subunits. (b) Cartoon representation
shown in the same orientation. (c) Cartoon representation of a single subunit with cysteines, cysteine persulfide
(Css) and iron (sphere). (d) Hydrogen-bonding network around the iron site (magenta), including the
coordinating residues Glu114, His86, and His90; ordered water molecules are given in red (Urich et al., 2006). The
figures were prepared with Pymol (DeLano, 2002).
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Plate 24.1 Active site structure of methyl-coenzyme M reductase (MCR) from Methanothermobacter marburgensis.
The amino acids remarkably different in the enzyme (Ni-protein I) from methanotrophic Archaea are
highlighted.
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